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XSUMMARY
The design of a two-state multiplexer is presented in 
this project. The design is based on the switching actions of 
a p.i.n. diode and the filtering characteristics of a 
meander line. The diodes used are MEDL types DC 2518G and 
DC 2418A. The diodes were characterized and the elements of 
the equivalent circuit found using an insertion loss technique. 
Effective biasing and driving of the diodes were achieved using 
a three element low-pass filter and a two-stage transistor 
driver respectively.
The design of the meander line networks was based cm a 
new technique developed by the author. The technique involves 
the evaluation of the coupling and susceptance loading parameters 
of the meander lines. These parameters were evaluated frcm the 
quasi-static consideration using a function sub-program, 
fifteen meanderline circuits were designed. The response of 
the circuits showed an isolation of 12.2dB in the stop-band 
an insertion loss of only 0.8dB in the passband far an 11-turns 
meander lines. Comparison of the measured and computed results 
shewed a disparity less than 5%.
Five categories of digital filters were designed. The 
basic circuit is a meander line having p.i.n. diode terminated 
stubs inside the meander-loops. Hie diodes serve as ideal 
transmission-reflection devices, providing either short or 
open circuit terminations to the stubs depending on the bias 
applied to them. When a TTL 'O' is driving the diodes a 
bandpass filter results, but when the drive is a TIL '1', the 
bandpass filter is converted to a bandstop filter. The maximum 
transmission coefficient in the 'O' state was |S21 1 " 0.95 and 
in the '1' state the minlmtm transmission coefficient was 
|S21 1 “ 0.0135. The maximum bandwidth measured was 39.5%.
These filters were cascaded to form a two and three 
channel multiplexers. Fbr the diplexer, an assynmetric 
Y-Junction was used in the design. The measured isolation 
between the two channels was 25.4dB. For the triplexer, a 
matched cross-junction was used as the camion junction. The 
isolation between channels 1 and 2 was 21dB, while between 
2 and 3 it was 10.45 dB.
xi
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CHAPTER 1
INTRODUCTION
Over the past few years, a class of microwave 
control components is being speedily integrated in 
many microwave applications. These devices differ 
from earlier components in that they are electronically 
controlled as opposed to mechanically controlled 
devices. The application of these microwave components 
has been extended to all phases of microwave control 
systems. At present, components of this sort have 
been designed and fabricated to operate in the 
frequency range from VHF to as high as Ku band and 
above and with power levels extending from milliwatts 
to kilowatts.
The features of these semiconductor control 
devices which make them attractive in many microwave 
systems include their moderate control power require­
ments (typically 50 milliwatts or less), their high 
response speed which is less than 20 nanoseconds, 
their compactness and light weight and most important 
their long life and high reliability provided by their 
solid state nature.
Recent technological advances in the use of 
microwave frequencies for communications, navigation, 
air surveillance and other aspects of telecommunications
?have promoted a growing interest in the integration 
of semiconductor controlled devices in r.f. filters 
designed to provide frequency discrimination and signal 
selection. Such systems make it possible for a single 
sweep frequency signal generator to cover frequencies 
of several bands. This is accomplished through the 
multiplexing of several communication channels 
operating within a certain frequency band and then 
switching them so that any of the frequency bands can 
be obtained.
At lower frequencies, such filters are usually 
designed using MOS devices in a "switched capacitor" 
approach. Because of the high speed and power 
capability required in most microwave applications, 
this approach is not used above L-band. At microwave 
frequencies, the technique normally used is to insert 
a microwave switch at the input or output of the r.f. 
filter. This means that the switch and the filter 
have to be designed separately. The drawback to 
this approach is that when the two are combined 
together, extra optimization had to be carried out 
to match their VSWR. Moreover the technique cannot 
be used in systems where the filters are connected 
in series.
In this project, a design technique which combats 
the above drawbacks is presented. The aim is to use 
the parasitic elements of the semiconductor device in
5the filter design. This objective was achieved by 
incorporating p.i.n. diodes inside the loops of a 
meanderline. The p.i.n. diode parameters were designed 
into the circuit in such a way that when a TTL * 1' is 
driving the diode a bandpass filter was obtained but 
when the drive is a TTL 'O', the bandpass filter is 
converted to a bandstop filter. Using a cascade of 
these filters, a switchable multi-channel multiplexer 
was readily realized.
The advantage of this technique is that the diode 
is an integral part of the filter circuit. Its 
parameters were used in the filter design. Hence in 
addition to their normal switching operations, the 
diodes also serve a purpose In the frequency multi­
plexing and demultiplexing operations. The diodes 
used were supplied by AEI Semiconductor Lincoln - 
types MEDL DC 2518G and DC 2418A.
Strip transmission lines were used throughout 
this project. Recent years have seen the rapid rise 
in importance of these miniature structures. At 
microwave frequencies these transmission lines because 
of their light weight, small dimensions and easy 
processing capabilities are being increasingly used 
in most network design. The design criteria for these 
types of transmission lines is given in Chapter 2. The 
production process used is the vacuum evaporation 
technique. All the necessary steps involved in this
4process are given in the same chapter.
Strip transmission lines are invariably 
accompanied by discontinuities of one type or 
another. A complete understanding and design of 
these lines require the characterization of the various 
discontinuities included in the circuit. The major 
discontinuities encountered in the project were 
characterized in Chapter 2. The chapter also presents 
a new technique of compensating for the effects of 
the T-junction parasitic reactances.
Errors in the s-parameter measurement of any 
passive or active circuit make it difficult to obtain 
an accurate measurement at microwave frequencies. Such 
an accurate measurement can only be obtained if these 
errors are eliminated. A computerized measurement 
technique which has been set up in the University 
laboratory to give an automatic on-line characteriz­
ation of any two-port microwave circuit was used to 
calibrate out the errors in the network analyzer. In 
the case stripline circuits an additional error is 
introduced by the parasitics of the coaxial-to- 
stripline transition. A technique is given in 
Chapter 2 by which this additional error can be 
characterized.
The prediction of any circuit response, coupled 
by the use of measurement data to adjust the circuit 
parameters can be very effective in an effort to
achieve a final design which meets the desired 
performance. This is made possible by the availability 
of an analysis program which besides being rapid, also 
allows for the precise determination of the network 
functions. Chapter 3 describes the analysis program 
used in the project. The program uses the ABCD matrix 
approach and can handle four basic types of circuit 
elements.
Chapter 4 deals with the characterization of the 
p.i.n. diode. This diode is a variable resistance 
device. Its resistance is controlled by the amount 
of bias applied to it. Under forward bias, this 
resistance varies appreciably with change in the bias 
level, but under reverse bias, changes in the bias 
signal does not produce significant change in the 
resistance value. This characteristic makes the 
diode an ideal control device for most microwave 
applications. Its range of applications is limited 
only by the designers ingenuity rather than the 
operating characteristics of the device.
The chapter also describes the physics of the 
p.i.n. diode behaviour from which an equivalent 
circuit used throughout the project was derived.
The component of this equivalent circuit was later 
obtained using an insertion loss technique. The 
measurement procedure and the design of all the 
associated bias circuitry are given in the chapter.
6Chapter 5 reviews the switching characteristics of 
the p.i.n. diode which played a significant part in 
the multiplexer design. In particular, the effects 
of synchronous and stagger tuning techniques are 
presented.
In Chapter 6, an experimental investigation of 
the properties of a meanderline is described taking 
into account only the coupling between adjacent 
conductors. A procedure is given for computing the 
amplitude frequency characteristic and the susceptance 
loading parameters of the meanderline. The chapter 
also describes a compensation technique which was 
used to reduce the effects of the susceptance loading 
parameters of the meanderline.
Chapter 7 describes the design steps of the two- 
state multiplexer. The basic circuit is a meanderline 
circuit loaded with p.i.n. diode terminated stubs 
inside the meander-loops. A technique is given for 
matching the magnitude of the reflection coefficient 
of the diode circuit in its two bias states. The 
chapter also shows how to match the common junction 
of the designed multiplexer.
The thesis ends with a final conclusion which 
reviews the achievements and shortfalls of the project. 
Suggestions are given for further works resulting 
from the outcome of this project. Two papers have 
been published by the author on the results of this

7work and these, together with all the 
are attached at the end of the thesis
appendices, 
report.
3CHAPTER 2
MICROWAVE CIRCUIT DESIGN
2.1 INTRODUCTION
The starting point of any microwave circuit design 
rests with the choice of the transmission line and 
dielectric material to be used in the fabrication of 
the circuits. At microwave frequencies, many factors 
influence the decision leading to the correct choice 
of the transmission line and dielectric material. The 
most important of these is that the structure should 
be 'planar' in configuration. A planar configuration 
implies that the characteristics of the structure can 
be determined by its dimensions in a single plane.
Thus the width of a line on a dielectric substrate 
can be adjusted to control its characteristic impedance. 
This makes the circuit fabrication easier to be carried 
out by the techniques of photolitography.
There are several transmission line structures 
that satisfy the requirement of being planar. The most 
common of these are striplines, slotlines and coplanar 
waveguides. Out of these, striplines are the most 
frequently used. This is mainly due to the fact that 
its mode of propagation allows an easy analysis and 
yields wide band circuits. Also simple transitions 
to coaxial circuits are feasible.
9There are two types of striplines currently in 
use. These are the balanced triplate and microstrip 
lines. Microstrip differs from triplate in that it 
is open at the top. This open configuration makes the 
microstrip very convenient for use in microwave inte­
grated circuits. Also adjustments or tuning can be 
carried out easily after the circuits have been 
fabricated. However, along with these advantages, the 
open nature of the microstrip brings in some compli­
cations in the analysis and design. This is due to 
the fact that the presence of the dielectric-air- 
interface modifies the mode of propagation in micro­
strip to a non-transverse electromagnetic hybrid mode 
as compared to the pure TEM mode in the balanced 
triplate.
2.2 EVALUATION OF LINE PARAMETERS
2.2.1 Charaeterietio impedance: The essential parameters
of striplines are the characteristic impedance and the 
attenuation of the line. A lot of work has been done 
on the techniques of evaluating stripline parameters 
and most of these works have given rise to numerical 
expression which can be used for such evaluation1»2 . 
The evaluation of the parameters of the transmission 
lines used here was based on the expressions due to 
Wheeler2 but modified to include the attenuation of
the line. This attenuation was computed from the 
incremental inductance rule approach. In this approach 
the conductor loss was derived in terms of the series 
resistance which is attributed to skin effect.
Two programs were written for the evaluation of 
the line parameters. The programs input the dielectric 
constant of the material, the height of the dielectric 
and the conductor thickness. It then outputs the 
characteristic impedance of the line for various line 
widths. Fig. 2,1 defines the line parameters used in 
the programs. The programs are given in Appendix A.
2.2.2 Dielectric material: Choice of the right dielectric 
material is equally essential if accurate results are 
to be obtained. The factors considered here were not 
the same as those for choosing the substrate of a 
standard printed circuit board. Here the substrate 
is an integral part of the circuit and its character­
istics affect the circuit performance. A lossy 
dielectric substrate will appreciable increase the 
insertion loss of the circuit. For these reasons, 
only those materials having a low loss tangent, 
suitable copper cladding and good environmental 
characteristics were considered.
Despite the large selection available, there is 
no universally accepted substrate which is best all 
round. Each material has advantages which make it
11
(a) Microstrip
Ib) Triplât«
Fig,2.1 Planar Transnlsoion linc3 uoel ln MIC
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desirable for some specific applications and dis­
advantages which limit its usefulness in other 
applications. Following an investigation into various 
copper clad materials, polyguide and duroid were 
selected for the project. The materials were chosen 
because of their high degree of compatibility with 
the production process.
Their dielectric loss was computed using the 
expression:
9 7  o  /
<*d a ----r. . tan 5 dB/unit length 2.1
*o
where is the dielectric loss and tan <5 is the loss 
tangent.
This loss unlike the conductor loss, do not 
vary with the transmission line configuration and is 
strictly a function of the dielectric material and 
the operating frequency.
2.3 PROCESSING TECHNIQUES
2.3.1 Maoking and photolithograph: After computing the 
dimensions of the striplines making up the circuits, 
these are then fabricated as described below. First 
the desired artwork was drawn on 'cut-N-strip' film 
using a coradograph machine. The 'cut-N-strip' is a 
two-layered plastic film whose red film is opaque to
ultra violet light. When cut by the coradograph 
machine, this red part can be stripped away, thus 
exposing a white part which represents the required 
conductor pattern. The coradograph machine has 
vernier scales which permit the accurate positioning 
of the cutting blades to within ±0.01mm. The drawings 
were made ten or twenty times the actual size required 
so that any cutting or stripping irregularities would 
be significantly reduced during the photographic 
process.
The photo reduction was carried out in the 
laboratory. First, the approximate size reduction 
was obtained using a graph attached near the camera.
By using a hand scale, the accurate size was obtained 
by adjusting the camera on a dummy photo plate and 
measuring the image. The same image was also examined 
through a travelling microscope to ensure sharp 
focussing. The focussing and aperture control were 
carried out by adjustments within the lens. The 
exposure time was automatically controlled to suit 
the reduction size and the high Kodak resolution 
plates used.
The development time was rigidly controlled and 
carried out according to table 2.1.
Throughout the process, the plates were gently 
agitated to ensure even distribution of the solution.
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Table 2.1: Processing of Kodak Slides after exposure
Process Solution Time
Pre-wash De-ionized water 2 mins
Developer The developer used is Kodak 
HRP. This is mixed with 
de-ionized water in the 
ratio of 1:3
2 mins
Stopper 5% aquerous acetic acid 30 secs
Fixer Kodafix and de-ionized 
water in ratio of 1:3
4 mins
Final wash De-ionized water 15 mins
2.3.2 Circuit fabrication: The method adopted uses
ready metallized substrates. Utmost care and cleanli­
ness were observed at all steps. The substrate was 
first cleaned with acetone using an ultrasonic cleaner. 
It was then blow dried with filtered air. The 
application of the photo-resist is the most critical 
step in the process. Here the substrate was vacuum 
held on a rotating spinner. A thin layer of resist 
was evenly applied to the substrate and then spun at 
2000 rpm for 20 seconds. This speed and time gave 
the substrate a 2-micron coat. Positive photo resist 
AZ 111 was used.
The substrate was then pre-baked for five
minutes at a temperature of 85° t 5°C using infra red 
light. It was then exposed on the mask-liner for 
30 seconds and then developed for the same period.
The developer is a solution of AZ 351 and de-ionized 
water. After development, the substrate was washed 
and post-baked for 20 minutes. Since it was essential 
to retain the copper ground plane, this area was coated 
again with photo-resist and once more baked for eight 
minutes.
Finally the unwanted copper was removed using 
standard etching techniques. The etchant is a solution 
of 50 grams of ammonium persulphate in 350 mils of 
water. The substrate was then washed in a cold stream 
of water and then blow dried using filtered air. To 
ensure mechanical stability, the substrate was glued 
to i inch thick aluminium, using conductive epoxy.
Apart from providing the mechanical support, the 
aluminium also provides a place for the coaxial 
connectors.
2.4 MEASUREMENT TECHNIQUES
2.4.1 Measurement techniques: Microwave circuit measure­
ments are always made difficult by the fact that these 
measurements are not often made at the plane of the 
circuit element. Instead the measurements are made 
at or referred to some reference plane physically
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removed from the circuit. In triplate and microstrip 
medium, this problem is made worse by the fact that 
these transmission lines are not often used for system 
interconnection. Therefore in all such cases, it is 
always necessary to transform from coaxial line into 
the stripline assembly. Unfortunately, the use of 
these coaxial transitions introduce some measurement 
errors which degrade the circuit performance. More­
over, the network analyzer equipment which was used 
throughout this work introduces its own errors which 
are inherent in the equipment,
For accurate measurements, it is necessary that 
all these errors are either eliminated or accounted for 
in the results. Two stages of correction were used 
here. First computer correction was used to calibrate 
out the network analyzer errors up to and including 
the APC-7 connector. Secondly, the errors arising 
from the coaxial transitions were separately characterized 
and the parasitic elements representing the transition 
were evaluated and embodied in all the designs.
Details of the set up of the on-line computer 
corrected network analyzer are given in the literature3. 
The basic principles of operation is that error arising 
Internally in the network analyzer due to the variations 
of coupler directivity or amplifier gain are evaluated 
and stored by the computer via a series of preliminary 
calibration runs using standard terminations such as
matched or sliding loads. During each of these runs, 
either the reflection or the transmission coefficient 
of the standard termination is measured by the network 
analyzer. The results are then recorded and stored by 
the computer. Since the true reflection or trans­
mission coefficients of these standard terminations 
are known, the overall effects of the errors at each 
frequency can be computed. Subsequent runs using the 
device under test are carried out for the same 
frequency range. The previously computed error data 
is then subtracted from the measured data to give the 
corrected results over the required bandwidth.
2.4.2 Coaxial-tostrip transition: The other significant 
source of measurement error comes from the transition 
between the launcher and the stripline assembly. The 
main problem at this transition is the discontinuity 
caused by the launcher tab. Since this tab lies on 
top of the stripline conductor, it increases its 
thickness and consequently reduces its characteristic 
impedance. This causes mismatch and degradation of 
the circuit performance. With the utilization of the 
computer correction described above, it was only 
possible to apply correction for the network analyzer 
errors up to and including the APC-7 SMA connector. 
Hence the error caused by the coaxial transitions had 
to be characterized separately.
17
1G
The early technique proposed by Wight1* for such 
characterization consists of using the launcher to 
make input measurements on various lengths of open 
circuited 50 ohm line. The excess phase characteristics 
generated by this open circuited line was then used to 
find the equivalent circuit of the parasitic reactances 
representing the transition. This followed from the 
knowledge that the excess phase angle at a line length 
of half wavelength was due entirely to the launcher 
shunt capacitance whilst at quarter wavelength it was 
due entirely to the launcher series inductance.
By superimposing the data for the electrical 
length on a transmission line chart, the numerical 
values for the inductance and capacitance can be 
evaluated. The disadvantage of this procedure is that 
the numerical evaluation of these reactive parasitica 
for large range of frequency steps is tedious. More­
over, the graphical solution of any problem is always 
an approximation since its accuracy depends on the 
person reading the graph.
Here the parasitic elements associated with the 
transition were evaluated by first assuming an 
approximate model for the discontinuity effects. The 
performance corresponding to the initial element 
values for the model was computed and compared with 
the required performance. The corresponding disparity 
or error function was then minimized until the model
19
performance falls within a specified range. The 
required performance was determined by measuring the 
input impedance of the circuit jig using the on-line 
computer corrected network analyzer.
Fig. 2.2 (a) shows the jig used in the 
characterization. It consists of a launcher feeding 
a 50 ohm open circuited line; MM1 is the measurement 
plane, TT1 is the transition region and R R 1 is the 
reference plane located along the line. The model 
chosen is shown in Fig. 2.2 (b). It comprises of a 
length of line, 1Q , representing the physical length 
of the launcher between the Junction with the end of 
the stripline and the coaxial interface at the other 
end. The transition region was represented by an 
equivalent T-network. It was assumed that this T- 
network was situated at the physical transition between 
the launcher and tho end of the strip conductor. The 
length of the 50 ohm load is represented by lj. There 
is also an additional length of line, Al, due to the 
open circuited end effect of the line5.
At any frequency, the input impedance of the 
transition region is given by:
7 . 2 11ZL + z llz22 “ z 12 2 2m ----------------------
ZL ♦ Z22
where is the load impedance of the open circuited
2C
•v,<wr- ' 21
****** m m
• Q t w m
Fig. 2.2 (a) Jig for measuring coaxial-to-strip
transition
results were then compared with the results computed 
using the equivalent circuit of fig. 2.4 which 
incorporates the previously obtained values of the 
transition parasitics. The measured and computed 
results are shown in fig. 2.5. Examination of these 
results shows a close agreement between the measured 
and the computed results.
Fig. 2.2 (a)
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2.5 CHARACTERIZATION OF STRIPLINE DISCONTINUITIES
2.5.1 T-junction diaoontinuity: A complete understanding
and design of microwave circuits require the character­
ization of various discontinuities included in the 
circuit. Apart from the discontinuity at the coaxial 
transition, the three other important discontinuities 
encountered in this work are:-
oe
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T-junction,step and right-angled bend. The first 
two are characterized in this section.
The structure and reference planes associated 
with the T-junction are shown in fig. 2.6. There are 
two main problems associated with this junction.
These are the effects of the parasitic reactances 
associated with the discontinuity and the shift in 
the designed centre frequency resulting from it. The 
majority of reported procedures for determining these 
effects have resulted in many approximate formulae 
which can be used to evaluate the parasitic elements 
associated with the junction. However, because of the 
difficulties encountered in the use of these formulae, 
it was decided to opt for the compensation rather than 
the evaluation of these parasitics.
A compensation technique which has worked well 
for frequencies up to 15GHZ has been described by 
Dydyk6. The approach was to modify the line dimensions 
in the vicinity of the junction. Though this technique 
eliminates the shift in the reference plane, it does not 
account for the parasitic reactances associated with 
the discontinuity. To the best of the present author's 
knowledge, there are no known techniques for compensating 
for this reactance. A technique tried here involves 
introducing a slit across the width of the main stub 
line opposite the branch arms.
7A narrow slit cut transversely into the micro­
strip line yields a predominantly series inductance 
effect7. Thus, if the exact value of the dis­
continuity capacitance is known, it is possible to 
neutralize its effect with a narrow slit. The first 
step then was to determine the relationship between 
the inductance introduced by the slit and the slits 
dimensions. Knowledge of this and the discontinuity 
capacitance enable an appropriate compensated network 
to be designed.
A narrow transverse slit and the equivalent 
circuit adopted by the author is shown in fig. 2.7.
To find the value of the slit inductance, six 50 ohms 
lines were made on a 0.031 inch duroid substrates.
Each line has a transverse slit of specific dimensions. 
The response of each line was then measured as a 
function of frequency using the on-line computer 
corrected network analyzer. By comparing the results 
with that of an unloaded 50 ohm line, the value of 
each slit reactance was found for various frequency 
steps. Using these values, a plot of slit inductance 
against slit width and depth was constructed as shown 
in fig. 2.8
Fig. B.l shows the fully compensated T-Junction. 
The dimensions of the line were obtained as explained 
in Appendix B. The response of this network was
3D, W,
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Pig.2.6 Structure and reference plane3 associated with T-junction.
measured and compared with the uncompensated junction. 
The result is shown in fig. 2.9.
2.6.2 Step discontinuity: This type of discontinuity
was encountered here in the design of the biasing 
and matching circuits used in the later chapters. 
Unlike the T-Junctions, there is no satisfactory way 
of compensating for the parasitic reactances 
associated with this discontinuity. Tapering the 
lines as suggested by Edwards6 will in the opinion

Pic.2.9 Response of T-Junction.
31
of the author limit the useful properties obtained 
with circuits having this type of junction. Hence 
it was decided to fully characterize the discontinuity 
and evaluate the parasitic elements representing it. 
These elements are then embodied in all designs 
involving the use of this type of junction.
The characterization is similar to that used 
for the coaxial transitions where the discontinuity 
is represented by a three element equivalent circuit. 
Initial values for this equivalent circuit were then 
obtained by making input impedance measurements using 
the automatic network analyzer. The test fixture and 
the equivalent used in the characterization is shown 
in fig. 2.10. The first T-network represents the 
parasitic elements of the launcher, the second T- 
network represents the discontinuity effects of the 
two lines having widths Wj and W 2 . There is also an 
end effect due to the open circuited line. This is 
represented by an additional line length Al.
To simplify the analysis, the equivalent circuit 
was partitioned into five planes as shown. From 
transmission line theory, the impedance at plane 
WYf1 is given by
Z - z W z l + Z U Z22 " z l2 o 5w ----------------------
ZL + %22
where Zi is the load impedance of an open circuited line
WBmm
}2
given by:- ZL = Z2 Coth y (1-2 + ¿1)
and Al is the length due to the end effect. 
The impedance at plane VV1 is given by
fz“ - JZX tanh ( Y11) 2.6
lz > - z0) tanh (Yll)
'11 Zy + Z j j Z2 2 “ Z*12
Zy + z22
2.7
This is related to the measured input impedance Zin 
via the transmission line equation:
Z in - Jzotan H o
zo - Jzintanel0
2.8
To find the values of the T-network representing 
the step-discontinuity, three step-impedance trans­
formers with different width ratios were made on 
polyguide substrate. The input impedance of the open- 
circuited transformers were then measured using the 
automatic network analyzer over the frequency ranges 
2.0 - 6.0 GHz in steps of 200 MHz. The results are 
shown in fig. 2.11 • By incorporating the values of 
the coaxial transitions which were evaluated earlier, 
it was possible to evaluate the values of the T- 
network as shown in fig. 2.12 . For the series
Fig.2.10 Test fixture and equivalent circuit of step
O-
Li
_ m ___
O- IlfinH
L 2
j n_____
0'4.14-nH
■O
dp  0-189 pf
Fig.2.12 Valuea of T - networt.
inductance arms, these values are within five percent 
of that obtained using the methods of Gupta9, 
however the value of the shunt arm is more than 14 
percent of that obtained using the same method.
To find the effects of the width ratio using the 
above values, two port transformers were made and 
measured over the same frequency range. The results 
are shown in fig. 2.13. The effects of neglecting

Tra
nsm
iss
ion
 
Co
eff
ici
ent
55
Frequency (GHZ)
Fi~,2.13 comparison of the measured and computed
transmission coefficient of the transformers.
x - - x Computed (without step)
• - - • Computed (with step) 
o « Measured.
these elements are clearly demonstrated in the figure. 
The results also show that if the width ratio lies 
within the range 1.0 « ^2/^1 < 3.0, the effects of 
this discontinuity can be neglected.
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CHAPTER 3
COMPUTER AIDED DESIGN
3.1 INTRODUCTION
Early microwave circuit development was mainly 
centred around the 'empirical design’ criteria1 which 
uses approximate formulas to represent microwave 
circuit elements. While this method is certainly not 
without its virtues, it has limited applicability in 
many modern circuit designs. A more realistic design 
approach which is growing in use involves the use of 
a general purpose computer-aided design program (CAD), 
which is written in such a manner that the designer 
can iteratively analyze a circuit and change critical 
parameters until specific requirements are met. Such 
a program also provides an accurate and rapid means 
of solving numerous circuit problems which are far too 
complex to be handled by means of the Smith chart or 
slide rule.
The use of such computer-aided design programs 
for lumped and distributed element circuits are well 
documented2»3*1*. This chapter describes the computer 
design program used throughout this work. Since only 
strip transmission line was used in this project, the 
program is limited to triplate and microstrip lines. 
However, it can easily be adapted for such other
* J
transmission lines like coaxial lines and coplanar 
waveguides. The program uses the ABCD matrix 
described below.
3.2 THE ADCD MATRIX
3.2.1 Matr-ix concept: The mathematical concept of 
matrices is well known and since they can be handled 
very conveniently by a computer, the characterization 
of network elements in such forms enables calculations 
to be rapidly executed. At microwave frequencies, 
analysis are more easily made using the ADCD matrices5. 
This is because the lumped and distributed elements 
of a network are related to the matrix elements quite 
simply. Moreover, the elements are easily cascaded 
by multiplying their matrices. Thus the output of 
one network element is the input to the following
element and so on.
The ABCD matrix definition is shown in fig. 3.1
From the figure
Vi ■ A V 2 * BI j
II -  cv2 + d i 2 3.1
where A RffloRd
 
1—
1
C
l
>
«—»
>R (Vi/I2 )|*V2-0
C * (I1 /V2)I and D - 
' I2»0 Cli/I2 )|'v2-o
3.2
4 0
The driving point impedance at the input port is 
given by
Z i n "  (AZq + B ) / ( C Z q + D) 3 .3
The output impedance ZQut = (DZQ + B)/(CZq + A) 3.4
The voltage reflection coefficient at the input 
port
rin ’ <Zi„ ' 2o>/<Zi„ * Zo> 3 '5
Voltage transfer coefficient is given by:-
I(V0/V2 ) | 2 = V„ |A + B/Z0 + CZ0 + D|2 3.6
3.2.2 Matrix of elementa: The ABCD matrices
representing the series and shunt elements used 
here are given by:
[ABCDjz 1
0
z
1
3.7
Shunt element with an admittance Y:
[a b c d ]y
0
1
3.8
For a transmission line of length l(m ) and 
characteristic impedance ZQ (ohms), the voltages 
and currents at each reference plane are related by
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Fig 3* I (b) Cascade Combination
4the equations:
V : = V 2Cosh (yl) + I2Z0 Sinh <y 1>
II = V 2/Zq  Sinh (yl) + I2Cosh (yl) 3.9
where y - a + j0
with a = loss/unit length (i.e. nepers/m); 
3 = w/Vp * phase constant
In matrix notation, a series connected distributed 
transmission line is given by
[a b c d J 1
Cosh(yl) Z0Sinh(yl) 
Y QSinh(Yl) Cosh(yl)
3.10
One of the interesting and powerful features 
of the use of ABCD matrix other than the speed of 
computation, is the ability to store the matrix 
representation of the individual network elements in 
computer memory. Individual element types and the 
related data were specified as integral parts of an 
overall network topology. Each type was coded, 
enabling the program to call upon the necessary 
algorithm to compute the ABCD matrix for that element 
and then cascading the elements in their correct 
sequence and computing their matrix product. Once 
a given element matrix is stored, there is no need
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to recompute unless new values were specified either 
by the user or by an automatic search or iteration 
routine.
3.3 PROGRAM DESCRIPTION
3.3.1 Input subroutine: The flow chart for the program 
is shown in fig. 3.2. The major steps were divided 
into subroutines. This approach permits the complete 
program to be written in easier to visualize steps.
The program is detailed in appendix C. The first 
subroutine (subroutine ELMNT) translates the element 
list into an array of data intelligible to the computer. 
The types of elements recognized by this program 
include transmission lines, open and short circuited 
stubs and series or parallel combinations of resistors, 
inductors or capacitors. All these elements are 
described by a three letter code word followed by 
three or more appropriate parameters.
Pig. 3.3 shows the schematic circuits and the 
parameter specifications for the elements used in the 
program. It was decided not to code single lumped 
elements like a single series or shunt resistor or 
inductor. This is because any of these elements can 
be obtained from the series or parallel combinations 
by simply removing the unwanted elements. Equally, 
a lossless transmission line was not entered as this
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can be obtained from the lossy line by specifying 
zero attenuation constant when entering the 
parameters.
The code words used were made by abbreviating 
the requisite words such as 'SLC' for a series 
arrangement of an inductor, capacitor and resistor, 
while 'PLC' stands for a parallel arrangement of the 
same elements. Choice of the parameter values 
permits the removal of any of the unwanted L, C and 
R element parts of the arrangement. Other code words 
used here are descriptive such as 'STB' for a stub 
and 'LIN' for a transmission line.
The length of the transmission line or stub is 
referenced to the centre frequency for which the 
analysis is to be made. The electrical length and 
loss are recalculated for each analysis frequency.
The subroutine has a string data list containing the 
code word of the element types. After being read, the 
list is stored in a string array which lists the 
element types in the sequence in which they appear.
To avoid making a mistake in the spelling of the codo 
word, a statement was included in the subroutine to 
compare the name entered with those on the data list. 
If any unrecognised name was entered, an error message 
would be printed out and the name is demanded again.
’<5
Piff.J.2 Plow chart for the network unalyaia prot-rara.
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o— 0 Ö—o LIN
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Z0
U )
© oL
dB/Aatfc
5 LC
PifT.3.3 Element kin<l3 and description code for the analysis
program.
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3.3.2 Reaponae computation: Having converted the elements 
into subscripted data which can be interpreted by the 
program, the next step was to assign the proper ABCD 
matrix description to them, This assignment was 
peformed using the subroutine ABCD. The subroutine 
first identifies the types of the element in the 
network. It then cycles through this identification 
and assigns the proper matrix specification for each 
of the N-elements in the network. The specific 
calculations of the ABCD parameters for each of the 
elements follow the requirements given in equations 
3.7-3.10. Since all the elements used here are 
symmetric with respect to the input and output ports, 
it follows that A = D in the transmission mptrix.
It was mentioned earlier that to obtain a single 
lumped element, the unwanted parts of the L, C and R 
elements had to be removed by inputing zero values 
for them. The matrix evaluation steps for the series 
or parallel combination of these LCR elements contain 
special provisions for those cases when the input of 
a zero value for a parameter would produce trivial 
results (or cause computer overflow) for the analysis. 
With the series 'SLC' combination, this situation 
occurs when the capacitance value is zero. This 
results in an infinite reactance which totally dis­
connects the input and output ports of the network.
To get over this problem, a statement was used
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to replace any capacitance value which is less than
0.001 pico-farads with a capacitance of one farad.
Thus this assignment of a very large capacitance 
value was interpreted as an indicative that the series 
LCR circuit consists of only an L and R combination. 
Since no difficulty arises with zero values of L and 
R elements, this provision was not required for them. 
For the parallel PLC elements, zero valued inductances 
and resistances were converted to large magnitudes. 
This effectively open circuits them and removes them 
from the circuit.
After the determination of the individual ABCD 
matrix element forming the network, they were multi­
plied together to form the resultant or total matrix 
which represents the terminal characteristics of the 
complete N-elements in the cascade. This procedure 
was done using the subroutine TOTAL. The procedure 
consists of equating the total ABCD to the last (Nth) 
element of the cascade. If N * 2, as in the case 
when the circuit under analysis has only one element 
then no multiplication is necessary. For N > 1, the 
next but last (N - 1) element matrix was set equal 
to a dummy matrix called NEXT, which in turn was used 
to multiply the total matrix. The result of the 
multiplication was used to overwrite the total ABCD. 
This procedure was then repeated through the N - 1 
multiplications using a DO loop.
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After the evaluation of the overall ABCD matrix 
of the network, the circuit response was calculated 
using the subroutine CALC. This subroutine calculates 
the input impedance Zin, the input reflection co­
efficient, the transmission loss and the phase using 
equations 3.3 - 3.6. The subroutine accepts a complex 
ABCD matrix array along with complex generator and 
load impedances.
3.3.3 Program exeaution: The program execution is 
controlled by a main program which calls for a matrix 
computation for each set of element data from a set 
of subroutines. Once the overall ABCD matrix was 
found for each frequency, its components were stored 
and used to compute the desired output parameter in 
a separate subroutine. Changes in the parameters of 
the elements making up the network were readily 
accomplished in the editing mode of operation. Here 
lines of data were examined, deleted or added. 
Individual characters can be quickly replaced 
depending on need. The computed results for such 
modifications can then be typed out immediately by 
switching back to the run mode.
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CHAPTER ¿1
DEVICE CHARACTERIZATION
4.1 INTRODUCTION
The use of a semiconductor device in any 
application requires an accurate knowledge of the 
behaviour of the device. At microwave frequencies, 
the behaviour of semiconductor devices is most readily 
predicted if the devices are represented by lumped 
element networks. However, it must be said that at 
the higher end of the microwave region, the use of 
such lumped-element representation is limited in 
accuracy. This is because at these frequencies, the 
physical components of the device exhibit distributed 
characteristics.
Below 15 GHz, the use of these lumped elements 
can be very good for circuits confined to electrically 
small regions. Since a diode is ordinarily small 
compared to the wavelength of the applied field, 
lumped-element representation was used throughout this 
work. The exact nature of the lumped elements 
representing a p.i.n. diode circuit is derived in this 
chapter. Though there ha* been some works on the 
derivation of p.i.n. diode equivalent circuits, most 
of these works have given rise to complex networks 
which are too difficult to incorporate in an analysis
program1»2 . For most analysis, a simplified equivalent 
circuit can be constructed without serious loss of 
accuracy. The equivalent circuit used here was derived 
by considering the diode behaviour in each bias state 
and taking into account only those diode parasitic 
elements which are significant in each state.
The values of the elements were then found by a 
careful measurement of the diode and its embedding 
network, and deducing the required lumped constants 
from the results obtained. For a more predictable 
performance, the diode was measured under the same 
conditions in which it will be eventually used. The 
chapter describes the measurement techniques used.
The design of the biasing, blocking and driving net­
works are also given. The diodes used for the project 
were supplied by AEI Semiconductor - types DC 2518G 
and DC 2418A.
4.2 DERIVATION OF THE EQUIVALENT CIRCUIT
4.2.1 I-layer: The p.i.n. diode consists of a semi­
conductor wafer which is mounted on a package as shown 
in fig. 4.1a. Each of the flat surfaces is heavily 
doped with boron and phosphorus to form the p- and n- 
layers respectively. These are separated by a weakly 
doped layer of high resistivity intrinsic material. 
Electrical contacts are made to the two heavily doped
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Fig. 4• |(b) Doping profile (solid line) and distribution of stored charge 
(dashed line) of a real (i) and an idealised (ii) p.i.n diode.
layers. The doping profile of the device is shown in 
fig. 4.1 (b).
In practice, a truly intirinsic layer does not 
exist in a p.i.n. diode. This is because it has not 
been technologically feasible to maintain intrinsic 
resistivity in the layer through the processing of a 
diode. In effect, the lightly doped high resistivity 
region is a it or v layer depending on whether the 
conductivity is a p- or n- respectively. The 
difference between an ideal p.i.n. diode which has an 
intrinsic layer and a practical p.i.n. diode in which 
the layer is actually a it, can be compared by con­
sidering what happens to the space charge density 
and the electric field distribution of both as a 
reverse bias is applied to them.
At zero bias, the diffusion of holes and electrons 
across the junction causes space-charge regions to 
form in the p- and n- layers adjacent to the i-layer. 
For the ideal diode, with an i-layer that has no 
impurities, the layer is completely depleted of mobile 
carriers. Thus we have a region of fixed negative 
charge in the p-layer and a region of fixed positive 
charge in the n-layer with no charge in the i-layer 
as shown in fig. 4.2(a). As reverse bias bias is 
applied to the diode, a uniform electric field appears 
in the i-layer and this drops linearly to zero through 
the depletion regions in the p- and n- layers as
5b
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Fig.4.2 Charge and field distribution in p.i.n. 
p.lt -n. Junction.
illustrated in fig. 4.2(b).
If the high resistivity region is a ir-layer, 
then with no applied bias, the diffusion of holes and 
electrons across the n-n junction will produce a very 
thin depletion region in the n-layer and a thicker 
depletion region in the n-layer. As reverse bias is 
applied, the depletion regions become thicker until 
the entire n-layer is swept free of mobile carriers. 
Increasing this bias does not produce significant 
changes in the regions.
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The conclusion drawn from the above comparisons 
is that the i-layer of an ideal diode is completely 
swept at zero or any reverse bias whereas in a 
practical diode, a small bias must be used to sweep 
out the i-layer. This point was noted as it means 
that measurements made under zero bias condition does 
not accurately represent the reverse bias behaviour 
of the diode.
4.2.2 Reverse bias parameters: As explained above, when
zero bias is applied to a p.i.n. diode, a depletion 
is formed at the junction of the n- and i- interface. 
The extent of this depletion layer is a function of 
the resistivity of the i-layer. As a reverse bias 
voltage is applied to the diode, a large current 
begins to flow immediately, this current being limited 
only by the impedance of the voltage source.
The i-region will be completely depleted of 
mobile carriers. When this happens, the conductivity 
of the diode decreases and the total impedance of the 
diode becomes essentially a constant capacitance in 
series with a very high resistance. This condition 
is represented by the capacitance Cd and the reverse 
resistance Rr in fig. 4.3 (c). This capacitance is 
independent of the applied bias. This is because 
any further increase in the applied voltage does not 
increase the thickness of the depletion region.
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4.2.2 Forward bia3 parameters: When forward bias is
applied to the diode, the i-layer becomes flooded
with injected carriers. Electrons are injected into
the region from the n-layer and holes from the p-
layer. As the carriers diffuse into this intrinsic
region their concentration diminishes with the depth
of the region. When this happens, the diode exhibits
very low resistance and appears as a virtual short
circuit across the transmission line. This condition
is represented by the forward resistance Rf and the
series inductance L in fig. 4.3 (c). Unlike the s
reverse bias capacitance, the value of this forward 
resistance is a function of the applied bias. As will 
be demonstrated later, a certain amount of bias is 
required before the lowest value of forward resistance 
can be attained.
The diode is mounted on a package so that it may
be conveniently handled as illustrated in figs 4.3.
This package contributes its own parasitic reactances
represented by L and C . The values of these P P
components are determined in section 4.4. The biasing 
networks used in the measurements are dosigned in the
next section.
DC 24 18 A
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Fig. 4  3 (a)
DC 25 16 G
Fiff.4.3 racka^od p.i.n. diode.
5?
*i£»4«5c P.i.n. diode equivalent circuit.
4.3 BIASING CIRCUITS
One of the main problems associated with the 
design of p.i.n. diode circuits is how to separate 
the d.c. or low frequency bias signal from the r.f. 
signal. In all cases, some frequency selective 
networks are added to separate these two signals. 
These networks are termed the biasing circuits. The 
three major components of these circuits are the bias 
filter which introduces the bias signal to the r.f. 
line, the d.c. block which prevents the bias signal 
from Impinging on the rest of the r.f. circuits and 
the circuit driver which serves as a buffer stage 
between the power supply and the p.i.n. diode device.
The design of the networks used to perform these 
functions is given in the following paragraphs. In
6C
all cases the primary design consideration is that 
the networks should have a minimum insertion loss in 
the operating band. This is because in the later 
chapters, the effects of these circuits on the p.i.n. 
diode performance were neglected. Hence it is very 
essential that their insertion loss is below the 
accepted maximum.
4.3.2 Bias elements: The main function of the bias 
filter is to block the passage of the r.f. signals 
into the bias line and at the same time allow the d.c. 
signal from the bias port to reach the device. In 
achieving these objectives, the bias filter should 
contribute a minimum delay to the signal and it should 
have a flat response to the bias. The most common 
filter used is a low-pass filter.
The design of the low-pass filter used here was 
based on the fact that at microwave frequencies, short 
sections of strip transmission lines can be made to 
approximate to quas -lumped reactive elements. Short 
lengths of relatively high impedance line will behave 
predominantly as a series inductance. Also a very 
short length of relatively low impedance line will act 
as a shunt capacitance. Thus a ladder network of 
lumped elements can be realized by cascading alternate 
sections of high and low impedance lines.
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A computer program was written to calculate the 
required lengths of line which will yield the desired 
characteristics. Since the parameters of the various 
lengths of line are interrelated, initial calculations 
were first made and then corrected progressively via 
an iterative procedure. One point must be mentioned 
regarding the choice of the characteristic impedances 
of the inductive and capacitive line. It must be 
emphasized that optimum results are obtained if the 
ratio of the impedances is greater than five. The 
reasons for this were explained in chapter two. How­
ever the value of the high impedance line should not 
be made too large as the author has found that 
impedances greater than 150 ohms are very difficult 
to realize as a narrow line.
Three-and five-elements filters were designed.
The stripline patterns of the three-elements filter 
are shown in fig. 4.4. The filters were designed 
for a cut-off requency of 3.0 GHz with a O.ldD 
ripple in the operating band. The equivalent circuit 
of the filter is given in fig. 4.4 (b). By 
Incorporating the values of the coaxial transitions 
and step-discontinuities determined in chapter two, 
it was possible to compute the response of the filter. 
Slight adjustments were made on the actual computed 
dimensions of the filter so that a good agreement 
of the desired performance was obtained. The
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dimensions of the filters are given in table 4.1.
The measured and computed response of the 
filter is shown in fig. 4.5. For the three-element 
filter, a minimum of 20dB isolation was maintained 
throughout the operating band, while the five- 
element filter gave 35 dB isolation. It should be 
pointed out that despite the close agreement obtained 
between the measured and the computed results, this 
design technique works well only when the ratio of 
the two impedances is greater than five.
A distributed d.c. block was designed for a 
centre frequency of 3GHz. The design uses the 
parallel coupled transmission line approach3. By 
proper choice of the coupling coefficients, the 
appropriate dimensions of the network were found.
The response of the network i3 shown in fig. 4.6.
As seen this type of network has a narrow bandwidth 
compared to the lumped-element block. However at 
higher frequencies it has a lower insertion loss 
and lower reflection coefficient than the lumped 
capacitor.
Table 4.1 Dimensions of Bias Filter (mm)
Filter Degree di d 2 d 3 d„ d 5 d 6 d 7
3 7.13 12.94 7.13
5 4.85 6.07 11.33 6.07 4.85
7 3.92 5.86 6.97 9.08 6.97 5.86 3.92
?
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Pis.4#4 Lrw - pass filter.
4.3.3 Cirauit driver: Effective biasing and hence 
effective control of the diode conductance depends 
very much on the design of the driver that biases 
the diode. Also the switching time between the two 
states of the diode depends on the speed with which 
the driver is able to provide adequate bias current 
or voltage. Despite these essential functions, 
published literatures on p.i.n. diode drivers are 
scarce14* 5.
To design a good circuit driver requires an 
accurate knowledge of the diode specifications. For 
the forward conducting state, the diode requires a
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Figs.4.5 & 4.7 Response of bias elements
relatively low forward voltage and a high forward 
current. Conversely for the reverse bias state, the 
diode requires a high reverse voltage and low reverse 
current. A combination of these specifications plus 
the additional requirement of rapid switching times 
between the two states introduce complexities in the 
driver design.
Fig. 4.8 shows the circuit diagram of the 
designed driver. It uses a simple pre-amplifier 
stage and can switch the p.i.n. diode between a 
fixed reverse bias voltage and a foward bias current 
whose magnitude can be adjusted by the resistor R 3.
The operation of this driver is such that a logic •1 * 
applied to its input terminals turns transistor Q 2 
"on" and the p.i.n. diode will be connected to the 
reverse bias voltage through R 5. During this state 
transistor Q 3 is non conducting. The value of R 2 
chosen is such that there will not be enough voltage 
to turn Qj on. A logic 'O' applied at the input 
terminals switches on transistor Q j , thereby creating 
a path from the voltage supply to the diode through R 5.
To ensure that Q 2 is turned off during the forward 
biased state, a diode Dj was inserted in the circuit 
and its polarity is such that it achieves this objective 
in this bias state only. Transistor Q 2 also serves to 
amplify the current through Ri,, thus providing a more 
rapid removal of the i-region charge in the p.i.n. diode.
66
FifT.4.0 Circuit driver.
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The transistors used are type QDG-BFY51. Important 
consideration made in the selection of these transistors 
include the maximum permissible bias voltage. The 
transistor should have a breakdown voltage of more 
than twice the maximum bias voltage. In high 
reliability applications, the use of toroidal coil 
in place of the output transistor is recommended.
This should serve as an energy storing and discharging 
device for the p.i.n. diode. Apart from reducing cost, 
this also increases reliability.
4,4 DIODE MEASUREMENT
4.4.1 Measurement technique: Early methods of measuring 
p.i.n. diode parameters have been reported, the simplest 
of which is a low frequency bridge measurement where 
the package parameters are ignored. For most micro- 
wave applications, the package reactance of the diode 
influences the diode performance and hence can not be 
ignored particularly if the operating frequency is 
more than 2.0OHz. Refinement in diode measurements 
began with the work of Getsinger6 which uses resonant 
technique in calculating the equivalent circuit 
parameters of the device. This method is claimed to 
give accuracies b stts r  than three percent. With the 
advent of the computer corrected network analyzer, 
faster methods of diode measurements have been developed7 »8.
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The procedure used here involves characterizing 
the embedding network first in order to account for 
all parasitic elements arising from the mounting 
arrangement. Then the equivalent circuit elements of 
the diode were determined by measuring the loss 
produced by the test fixture and the diode and 
deducing the values of the elements using graphical 
techniques. The same equivalent circuit was used for 
the two diodes.
A measurement jig was built to house the device. 
The substrates were fabricated from 0.159cm thick 
polyguide dielectric material (er = 2.32) with a one 
ounce copper cladding. The input and output ports 
have 50 ohms characteristic impedance lines. To 
ensure adequate grounding of the planes, conductive 
epoxy was used to glue aluminium planes to the unetched 
copper face of the dielectric material. The jig is 
shown In fig. 4.9.
The scattering parameters of the Jig without the 
diode in position were then measured over the frequency 
range 0.4-4.0 GHz in steps of 100 MHz using the computer 
corrected network analyzer. The results are shown in 
fig. 4.10. The results show that the jig has a minimum 
transmission coefficient |S2xIm of 0.985 and a maximum 
reflection coefficient |Sn|m of only 0.02 throughout 
the operating band. These are equivalent to an 
insertion loss of only 0.13dB and a VSWR of 1.04.
•»
6;
•®r.r
PiS* 4.9 Jic used for diode characterization.
Fn*qu«r\cy (GH 2)
i'itf.A. 10 Response» of embedding network.
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This loss is due to effects of coaxial transitions, 
dielectric and conductor losses.
The diode was then placed in a slot which was 
milled in the centre conductor to a depth to allow 
the diode to make contact with aluminium plate while 
at the same time ensuring that the diode leads rest 
flat on the conductor pattern. The overall test 
fixture was then remeasured over the same frequency 
band using various bias currents and voltages. The 
results are shown in figs. 4.11 to 4.16.
4.4.2 Determination of forward elements: When the diode 
was forward biased, the resulting loss is given by9
a = 20 log |1 + Zo/^Zdl dB 4.1
where Z^ is the diode impedance and ZQ is the 
characteristic impedance of the line.
From fig. 4.3 (c) the diode impedance under forward 
bias is
Zf "
.( l-w 2L|Cp ) 2 + (w CpR f)2.
uiLg (l-u2LaCp) ~ wCpRf 4.2ulp +
( l-u)2LjCp)2 + (uCpRf )2
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To simplify matters, it was assumed that 
(a)C R.)2 «  (1 - <d2L C )2p i  8 p
and
cpR 2f «  L (1 - <-2L#Cp ) << 1
Hence Zf * R f + juLn 4.3
where Ln = (L + L ) n p s
Thus a = 20 log 11 +. Z0/2(Rf + j«Ln )|dB
This was re-arranged in the form
1/(A - 1) = (u2Ln + Rf)/Z0(Rf + Z0/4) 4.4
where A ** 10°/10
Eqn. 4.4. is in the form of y - mx + c.
Using the values obtained for a bias current of 
50 mA, a graph of l/(A—1) against w2 was plotted as 
shown in figs. 4.11 and 4.12. By process of extra­
polation, the values of Ln and Rf were obtained from 
the gradient and intercept respectively as 
Ln - 2.75nH for DC 2418A and 2.03nH for DC 2518G;
Rf * 1.32 ohms and 1.06 ohms respectively.
Knowing Ln , the values of the package inductance 
Lp were found by relating the geometry of the diode


74
leads to that of the strip transmission line. Although 
this is an approximation, it is the only known method 
of evaluating this element. The dimensions of the 
package leads are given in fig. 4.3. Basic trans­
mission line theory gives this inductance as
LP " zp Sin(2«l/Xg)/w 4.5
where 1 is the length of the diode and 7p is the 
equivalent impedance of the line.
Lp was computed as 2.5nH and 3.11nH for the two 
diodes from which Ls = 0.249nH for DC 2418A and 0.18nH 
for DC 2518G.
These measurements were made at the lower micro- 
wave range where the effects of the package capaci­
tances Cp were neglected. At frequencies above
2.0 GHz, these elements become significant. To find 
Cp, the frequency of minimum isolation was noted for 
the two cases. This corresponds to a parallel 
resonance of Ln and Cp. Since Ln is known in each 
case, Cp was found from the relation Cp ■ l/(2nf)2Lp. 
The values are 0.91pF for type 2418A and 0.13pF for 
2518G.
4.4.3 Determination of reverse elements: The principles 
used above were equally adopted to find the reverse 
bias elements. When the diode ls reverse biased, the 
impedance from fig. 4.3 (c) becomes
75
+
(1 -«Cp C - Vu.Cd])a + («CpRr )2
4.6
Using similar assumptions as before, this reduces to
Using bias voltages of -30V, the frequency of
maximum insertion loss was noted to be 7.09 and
9.6 GHz. This corresponds to a series resonance of
L and C,,. Since the values of L are known, C. was n a p d
found in each case from the relation C. ■ 1/u2L tod ' n
be 0.183pF for DC 2418A and 0.09 pF for type DC 2518G. 
This measurement also yields the value of Rr because 
the attenuation at this frequency is given by
R was found to be 1,56 k-ohms and 1.23 K ohms r
respectively. Fig. 4.17 shows an impedance sweep 
measurement for the two states of diode 2418A.
4.7
where Xr ,(o>Lp - l/«Cd )
a - 20 leg |1 + Z0/2Rr | 4.8
?■
Pig.4*13 Iîevorae bias meaourement

tni4
.ii
University of Warwick 
Engineering Dept.
SMITH C H A R T
tfXTAGF. E L E C T I O N  C O C F H C I E N T


80
REFERENCES
CHAFFIN, R. J., Microwave semiconductor devices - fundamental and 
radiation effects, Wiley 1973.
WATSON, H. A., Microwave semiconductor devices and their circuit 
applications, McGraw-Hill 1969.
D'INZEO, G., et al, 'Design of circular planar networks for bias 
filter elements in microwave integrated circuits', Alta Frequenza, 
Vol. 48, No. 7, July 1979, pp.425-431.
DARKQ, K., and VIDULA, B. S., 'Design equations for symnetric DC 
blocks', IEEE Trans. Vol. MIT-28 1980, pp.974-981.
GEORGOPOULOS, C. J., 'P.i.n diode driver saves time', Microwaves 
1972, pp.50-55.
GETSINGER, W. J., 'The packaged and mounted diode as a microwave 
circuit', IEEE Trans. Vol. MIT-14 1966, pp.58-69.
HAMILTON, C, 'An insertion loss method to determine p.i.n diode 
parameters', OTZ, Vol. 28, part 8, 1975, pp.284-286.
WHITE, J. F., Microwave semiconductor control, Van Nostrand Reinhold 
(New York) 1981.
HAPGOCD, D. W., 'Determination of varactor by a modified DeLoach 
method', Microwave Journal, Nov. 1981, pp.83-90.
CHAPTER 5
SWITCHING CHARACTERISTICS OF P.I.N. DIODE
5.1 INTRODUCTION
The rectifying actions of a p-n junction diode 
becomes less and less effective as its frequency of 
operation rises. This effect is used in the production 
of semiconductor devices which presents a substantially 
linear impedance to microwave signals. The p.i.n. 
diode is one such device. This device acts as an 
ordinary diode at frequencies below 100 MHz. However 
above this frequency, it ceases to be a rectifier and 
acts as a variable resistance device whose value can 
be controlled by the application of a d.c. or low 
frequency bias signal.
It was shown in the last chapter that the micro- 
wave resistance of the device changes from a value of 
1.32 ohms under forward bias to 1.56 K-ohms under 
reverse bias. Hence, if the device is mounted across 
any transmission line, the power flow will be unaffected 
under reverse bias, whereas under forward bias most of 
the power will be reflected and hardly any is trans­
mitted.
The design of the two state multiplexor 
investigated in the later chapter makes use of this 
switching action of the p.i.n. This chapter explores
those switching characteristics of the diode which 
will be significant in the intended application.
These characteristics include the isolation and 
insertion loss that can be obtained from a single 
and multiple diodes. The chapter looks at the various 
ways of increasing the isolation and reducing the 
insertion loss of the diode so that it can approximate 
more closely to an ideal switch. The use of synchronous 
and stagger tuning techniques are also investigated. 
Finally, the variations of the diode parameter with 
changes in the bias signal were fully investigated.
The work was restricted to single pole switches 
where only one port serves as the input. Throughout 
the analysis, the effects of the biasing networks 
were neglected as it was shown in the last section 
that they contributed negligible loss to the circuit. 
However, the effects of the coaxial transitions were 
accounted for in the design. This is because when 
the diode is reverse biased, these transitions con­
tribute about 20% of the total losses.
5.2 SINGLE POLE SINGLE THROW SWITCH
5.2.1 Single diode ewitohing: Two circuits were made on 
polyguide substrate which has a 1-oz sheet of copper 
bonded on one side and a 0.25 in thick aluminium plate 
bonded on the other side. Tho aluminium provides the
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necessary mechanical stabilization for the polyguide 
and also serves as a mounting structure for the 
connectors and a heat sink for the diodes. The bias 
filter was situated at the output side of the diode 
so that power should be reflected from the port that 
is connected to the diode module. The d.c. block used 
is a lOOOpF chip capacitor and two of these are 
located at the input and outputs respectively. The 
overall circuit is shown in fig. 5.1.
The matching sections of the circuit are 35 ohms 
quarter-wave transformers designed to match the load 
to the characteristic impedance of the line. The 
diode was located at a length '0' from the input port 
such that 60° « 9 < !20° throughout the operating 
band. The circuit response was then measured over 
the frequency band 2.0 - 4.0 GHz in steps of 200 MHz.
Fig. 5.2 shows the variations of the insertion 
loss of the diode with frequency when the diode is 
reverse biased. The response shows a minimum trans­
mission coefficient |S2i| ■ 0.94 at 3.2GHz and a 
maximum reflection coefficient |Sn | ■» 0.11 for the 
zero bias condition. When the bias is increased to 
-30V, the transmission coefficient minimum increases 
to 0.96 which is equivalent to 0.36 dB insertion loss.
Fig. 5.3 shows the variation of the isolation of 
the diode when a forward bias is applied to it. With 
50mA bias current, the minimum isolation obtained was
|S2il = 0.093 (20.6dB) for type DC 2418A and |S21| = 
0.072 (22.8dB) for DC 2518G. When the bias was 
reduced to 15mA, this value reduces to |S21 | = 0.12 
(18.4dB) and 0.14(17.ldB) respectively. The difference 
between the measured and the computed response was 
greater for type DC 2518G.
Pi5.5.1 P.i.n. diode awitch.
5.2.2 Effeote of biaa: As explained in chapter 4, the
effect of biasing the diode is either to increase or 
reduce the carrier c o n c e n t r a t io n  in the I- l a y e r - T h i s  a f f e c t s  the  
r.f. conductance of the diode in a manner given by 
the expression1:
■ " J - J
5.1
where Grf - R.f conductance of the diode
■ charge stored in the diode
K ■ constant
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Pis.5.2 Variations of the transmission and reflection 
coefficients of a reverse bias diode.
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Fiff.5.3 Variations of tho magnitude of the tranomiaeion
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From eqn, 4.3, the isolation of the diode is given by
a - 20 log |(1 + G/2Yq ) + (B/2Yq )| 5.2
where G + jB is the diode admittance.
To obtain maximum isolation, the forward bias 
conductance should be as large as possible. From eqn. 
5.1, this implies that the forward bias current should 
completely saturate the intrinsic region with charge, 
thus producing the highest possible conductance level. 
To investigate the above phenomenon, various bias 
levels were used to bias the diode and the circuit 
was measured over the frequency range 2.0 - 10 GHz.
Fig. 5.4 shows the results obtained. As seen, 
the isolation increases proportionally as the current 
is increased from 0 - 10 mA. However above 10 mA, 
any increase in the bias current produces only a 
small increase in the value of the isolation. Above 
30 mA, the isolation enters the saturation region.
Here Increase in current does not produce any increase 
in isolation. The graph also shows that for a given 
bias, the isolation varies with frequency. The 
isolation obtained at 2.0 GHz reached a maximum of 
22.8dB compared to 18.8dB obtained for 10 GHz.
Using the results obtained at 2.0 GHz, the 
admittance of diode was calculated for the various 
bias levels. Using these calculated values, a graph 
of admittance against bias current was constructed as
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Fig.5.5 '/uriutionu of adrnittanoo with Toward biao 3ignal.
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shown in fig. 5.5. This shows that the admittance of 
the diode varies from 2.8mS for a bias current of 
0.01mA to 300mS when the bias is 10mA. To ensure 
that maximum admittance was always obtained, the 
circuit driver was adjusted so that the forward 
current is never below 20mA. In doing this it was 
ensured that the forwara voltage drop does not exceed 
the maximum limit.
5.2.3 Multiple diode circuit: Since it is difficult to 
obtain more than 25dB of isolation from a single 
diode, it was decided to incorporate multiple diodes 
in the circuit. Two circuits were made for N = 2 and 
3 diodes. The diodes were biased separately as shown 
in fig. 5.6. The length of the transmission line 
separating the diodes was made quarter-wavelength at 
3.0GHz. The circuit was measured using bias currents 
of 30mA and 50mA, and a reverse voltage of -30V.
01
Fig 5.7 shows the response of the reverse 
biased diodes. For the case of N = 2, the transmission 
coefficient has a minimum of |S21 1 3 0.92 (0.72 dB) 
compared to |S21 1 = 0.90 for N = 3. The maximum 
reflection coefficient in each case was |Sj j| * 0 . 0 7  
and 0.09 respectively. The forward bias behaviour is 
shown in fig. 5.8. An isolation of 44 dB was obtained 
with two diodes over a 30 percent bandwidth compared 
to 53.9 dB for three diodes.
5.3 RESONANT MODE SWITCHING
5.3.1 Single diode tuning: To use this mode of switching
a new diode model was constructed in place of the 
equivalent circuit of Fig. 4.3(c). In his model, 
shown in fig. 5.9, Xn(n=l,2) represents the not re­
actance which includes the effects of the package 
capacitance Cp and other stray reactances. The value
of X„ was found from fig. 5.3. Since this net n
reactance is predominantly positive, the resulting 
reactance was neutralised by inserting a capacitor to 
resonate with the inductance at 3.9 GHz.
The required capacitance to achieve this objective 
was computed to be 17.83 pF. The exact value of this 
capacitance could not be obtained hence it was decided 
to use a standard value of 22 pF. The measured 
response is shown in fig. 5.10.
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S.3.S Single stub tuning: This technique was equally
investigated. Two single stub tuned diode circuits 
were made as shown in fig. 5.11. The stub length was 
chosen to be Ag/4 at 3.0 GHz. The diode was located 
at the end of the stub line. The measured diode 
impedance in each state was used to calculate the stub 
admittance. Because of the discontinuity at the end 
of the stub, fig. 5.11 (b) was adjusted to compensate 
for the shift in the centre frequency introduced by
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the junction discontinuity.
The circuit response was then measured using bias 
signals of 50 mA and -10V. The results are shown in 
fig. 5.12. The transmission coefficient of the 
matched circuit reached a maximum of only [S2i| = 0.87 
compared to 0.95 obtained with the uncompensated 
circuit. However, the former has a bandwidth of 60 
percent compared to 30 percent in the latter.
Secondly the uncompensated circuit shifted from the 
design centre frequency of 3.0 GHz to 3.8 GHz. In 
the reverse biased state, the compensated circuit 
has |S21| = 0 . 2 1  compared to 0.30 in the latter case.
n^.5.11b linjlc stub diode circuit.
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tiie junction discontinuity.
The circuit response was then measured using bias 
signals of 50 mA and -10V. The results are shown in 
fig. 5.32. Tho transmission coefficient of the 
matched circuit reached a maximum of only S2 !^ * 0.87 
compared to 0.95 obtained with the uncompensated 
circuit. However, the forme"’ lias bandwidth of 00 
percent compared to 30 percent i:i the latter.
Secondly the uncompensated circuit shifted from the 
design centre frequency of 3.0 GHz to 3.8 GHz.. In 
the reverse biased state, the compensated circuit 
has |S2x! * 0.21 compared to 0.30 in the latter case.
/
The reflection coefficient |Sn | obtained in both 
bias states showed the improvement obtained with the 
compensated circuit. An important point noted with 
this type of technique is that the characteristic of 
the diode were reversed because of the stub trans­
formation. This means that the high (low) impedance 
of the diode in the reverse (forward) bias state was 
transformed to a low (high) impedance at the diode 
stub line yielding a high isolation when the diode 
is reverse biased and a low insertion loss under 
forward bias.
5.3.3 Synchronous and. stagger tuning: To investigate 
this technique, two double stub circuits were built 
on a 0.063 ins thick polyguide substrate. The 
circuits and the appropriate line dimensions are 
shown in fig. 5.13. In fig. 5.13 (b) the stubs were 
staggered to obtain greater bandwidth. The choice 
of the centre frequency of the individual stubs was 
made with the results obtained in fig. 5.12 (a). 
Knowing that the matched stub can maintain constant 
transmission coefficient over 15 percent on either 
side of the centre frequency, the lengths of the 
stagger tuned stubs were chosen such that the 
difference between their two lengths, A9, always 
lies within the range 10° s< ¿e « 30°.
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iC. 5.13b ¿targar otub diodo circuit.
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The circuits were measured using bias signals of 
-10V and 50 mA. The results are shown in fig. 5.14. 
Though the synchronous circuit has a higher trans­
mission coefficient |S2 1 ! ■ 0.98. The staggered stub 
circuit gave a wider bandwidth and better reflection 
coefficient compared to the former.
5.4 DOUBLE THROW SWITCH
5.4.1 Double throw (SPDT) switch: A single pole double 
throw switch was designed as shown in fig. 5.15. The 
operation of the circuit is such that when diode D1 
is reverse biased, energy at the input port will flow 
past the diode towards the output ports. Forward 
biasing this diode will isolate the output ports. The 
matching networks at the input and output ports were 
chosen to give the best broadband results over the 
operating range. The d.c. return situated at point 
A is quarter-wavelength at the centre frequency of
3.0 GHz.
The dimensions of the matching networks and the 
circuit response are shown in table 5.1 and figs.
5.16 - 5.17.
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FiS.5.15 SPDT Switch.
Table 5.1
Matching
Network
Impedance 
Z (ohms)
Electrical length 
(radians)
Ml 36.25 0.24
M2 32.5 0.28
M3 37.5 0.50
M4 37.5 0.50
REFERENCE
1. FORGE, C; "Driving the p.i.n. diodes," 
Microwaves 1972 pp.30-37.
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Pig. 5-16 Reverse biased 5PDT switch.
(a) Other port reverse biased
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CHAPTER 6
MEANDERLINE DESIGN
6.1 INTRODUCTION
A meanderline configuration consists of an array 
of parallel coupled transmission lines with an 
alternating end connections at the beginning and 
at the end of each line. Because of the coupling of 
electromagnetic fields, a meanderline like any pair 
of coupled lines, can support two different modes of 
propagation. These modes have different characteristic 
impedances. The velocity of propagation of these modes 
is equal when the lines are imbedded in a homogenous 
dielectric.
The growing interests in this structure resulted 
from the fact that recent works1*2 have revealed that 
useful characteristics can be realized by suitably 
specifying the topology of its boundary elements. 
Because of these characteristics the structure is 
finding increasing use in microwave and millimetre 
wave applications. This growing use has created the 
need to formulate accurate design criteria for the 
structure.
Few analytical techniques have been proposed for 
the determination of the propagation characteristics 
of the meanderlines and to date, the explicit
1C4
expression for the network function has not yet been 
obtained. There are many reasons why this structure 
is difficult to analyze. While on one hand the 
structure can be regarded as a periodic structure 
loaded at regular intervals, on the other hand the 
coupled characteristics of the structure makes it 
more difficult to analyze the structure from its 
periodic behaviour.
Roome and Hair3 first analyzed the meanderline 
using magnetic and electric walls as boundary planes. 
They partitioned one pair of coupled lines with an 
electric wall and the adjacent pair with a magnetic 
wall and then applied transmissionline theory. From 
the results they concluded that the even and odd mode 
impedances of a meanderline are identical since a 
change in excitation simply interchanges the boundary 
conditions.
The approach by Libbey1* yielded different 
characteristic impedance and phase velocities for the 
even and odd mode propagation. The only draw back to 
that technique is that it cannot be used when the 
turns of the meanderlines are odd as the lines have 
to be partitioned in twos. The graph transformation 
technique of Iwakura5 combated this drawback by 
considering the coupling variations of each line.
This technique involves the use of graph equivalent 
in the network analysis. The technique is claimed to
1C5
yield accuracies less than three percent. However, 
like other graphical techniques, it suffers from the 
fact that it is difficult to incorporate in a design 
program.
In this chapter, a faster and easier method of 
analyzing the meanderline is given. The' technique 
involves analyzing the meanderline in terms of its 
coupling and susceptance loading parameters. To 
evaluate the coupling parameters, the waves propagating 
along the coupled sections of the meanderline are 
expressed in terms of the even and odd mode character­
istic impedances. The mode characteristic impedances 
were obtained by considering the effects of the self 
and mutual capacitances on the individual uncoupled 
lines. The method is quite applicable to both 
symmetric and assymmetric meanderlines. It has the 
advantage that it can be easily incorporated into any 
computer-aided design.
6.2 DESIGN TECHNIQUES
6.2.1 Deaign problème: Fig. 6.1(a) shows the schematic 
diagram of a single meanderline. The length of the 
line connecting adjacent elements is d, its width is 
6 and the element length is 1. Because of the dis­
continuity susceptance at each turn, the meanderline 
can be represented by a transmission line periodically 
loaded with shunt discontinuities and coupled to its
1C6
next neighbour by its coupling parasitics. The 
equivalent circuit formulated by the present author 
for this structure is shown in fig. 6.1(b). In this 
equivalent circuit, the black box represents the 
coupling and the susceptance loading parameters of 
the meanderline.
The main design problems are thus concerned with 
the successful evaluation of these parameters. Since 
these parameters are not related by a common expression, 
it was decided to evaluate them separately and to 
incorporate the results into the analysis program. The 
evaluation of the susceptance parameters was limited 
to the case of uniform strip transmission lines only.
6.2.2 Evaluation of coupling parameters: Because of its 
coupled mode characteristics, the meanderline of 
fig. 6.1(a) can be described by its even and odd mode 
characteristic parameters as illustrated by the 
electric and magnetic field distribution of fig. 6.2(a). 
The even mode parameters are the parameters measured 
from one strip to ground when the strips carry currents 
in the same direction, while the odd mode parameters 
represent those measured when the strips carry currents 
in opposite directions.
These parameters may be obtained from the com­
plete elliptic functions of a coupled line. However, 
the evaluation of these elliptic functions is both time
1C7
consuming and also involves some sacrifice in 
accuracy. Hence it was decided to evaluate the 
parameters using the quasi-static approach. To do 
this, the coupled parameters of the meanderlines 
were written in terms of its fringing capacitances.
The values of these fringing capacitances were obtained 
using the function subprogram given in appendix D. The 
model used for computing these capacitances are given 
in fig. 6.2(b).
The program can be used for either microstrip or 
triplate. The condition HI ■ H2 defines the balance 
triplate. The program computes the total even mode 
and the odd mode capacitances to ground. This is
-i h-
5
Fi-j.6.1 ¿f*nnder-line and equivalent circuit
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done by adding the appropriated components of the 
fringing capacitances to ground and the parallel plate 
component. It is noted that the coupling parameters 
of the outermost lines are not the same as that of 
the interior lines since for these lines either the 
magnetic or the electric wall is absent and one side 
of the line is unbounded. Hence the coupling parameters 
for these lines had to be appropriately modified. This 
was achieved by including the effects of the fringing 
capacitance which was evaluated from the capacitance 
of a single line geometry.
Only the coupling to the adjacent strips were 
considered. The coupling capacitances between strips 
which are separated by more than one strip were 
neglected. To obtain the voltage coupling between 
the meander-turns, the coupling between lines i and 
i + 1 was defined as
KM
Li,i+1
i,i+l
[(KGi * KMj ^ H K G ^  * Dllil+1>]
6. 1
where KGA is the total capacitance to ground per unit 
length for the ith conductor.
KMi i+2 is the mutual capacitance per unit length 
between the ith and the (ith + 1 )  conductor and is 
given by
KMi,i+l (KFO - KFE) i,i+l 6. 2
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KFO, KFE are the odd 
as in appendix D.
Using equations 
mode impedances were 
relations5
and even mode parameter evaluated
6.1 and 6.2, the even and odd 
then computed using the
oe
1 + K
K
i.i-t-1
i,i+lj
oo
1 - K
1 + K
i.i+1
i,i+l
6.3
6.4
Having obtained the coupling parameters and the 
mode impedances, the next step in the design 
procedure was to characterize and compensate for 
the effects of the susceptance discontinuity at the 
bends.
6.3 SUSCEPTANCE DISCONTINUITY
6.3.1 Characterization of acceptance diactoninuity:
The abrupt change in the geometry of any transmission 
line alters the electric and magnetic field distri­
bution which results in discontinuity. The altered 
electric field gives rise to a change in the line 
capacitance whilst the changed magnetic field can be 
written in terms of an equivalent inductance. Thus 
the characterization of the susceptance discontinuity
Ill
of the meanderline simply involves the evaluation of 
these capacitances and inductances. This character­
ization can be based on the quasi-static considerations 
or it can be based on the more rigorous fullwave 
analysis using the planar waveguide model.
The technique used here involves making input 
impedances measurements on various lengths of a right 
angled bend. For an equivalent circuit description of 
the discontinuity region of the right angled bend, an 
approximate model similar to that previously used in 
section 2.4 was adopted. The choice of this model 
was based on its conceptual simplicity and ease of 
application. Fig. 6.3 shows the configuration and 
the measuring jig used in the characterization.
To find the values of the equivalent T-network 
representing the discontinuity reactances, two 50 ohms 
right-angled bends were made on polyguide substrate.
The lengths lj and 12 of the bend were chosen to be 
90° at 3.0 GHz and 3.5 GHz respectively. The input 
impedance of the individual network was then measured 
over the frequency range 2.0 - 5.0 GHz in steps of 
200 MHz using the on-line computer corrected network 
analyzer.
From fig. 6.3 and using transmission line theory, 
the impedance at plane SS1 is related to the open 
circuit impedance via the relation:-
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Fig.6.3b ueaauring Jig for right angle.
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Zs
+ 2ZjZ2 + ZT (Z T + Z2) 
Zi + Z 2 + Z,p
6.5
Similarly the impedance at the other planes are related 
as explained in section 3.4. The measured input 
impedance is related to the impedance at plane QQ1 via 
the transmission line equation:-
Zo
- JZo tao 61o 
Zo - JZin tan slo
6.6
Since the expressions contain two unknowns, only 
two measurements were needed. By incorporating the 
values of the parasitic elements representing the 
coaxial transition, the susceptance reactances were 
found to be 0.023nH and 0.156pF respectively. The 
accuracy of these values were tested by measuring 
the transmission and reflection coefficients of a 
through right angled bend. The results are shown 
in fig. 6.4.
6.3.2 Compensation technique: The best known techniques 
for compensating for the discontinuity reactance of 
the right-angled bend are to use curved or chamfered 
transitions. Measurements by Easter7 and by Anders 
et al8 indicate that a chamfer length of 1.8 and 1.6 
line width respectively give a VSWR of less than 1.12
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up to 12 GHz. However, none of these authors gave an 
equivalent representation of the chamfered bend and 
there are no theoretical computation in other litera­
tures showing how far such chamfering reduces the shunt 
susceptance of the bend.
In this section, the percentage reduction 
resulting from such compensation was evaluated using 
the results obtained for the right-angled bend. The 
evaluation was based on the assumption that the 
chamfering improves only the shunt capacitance. Hence 
any difference in the results was attributed to a 
decrease in that capacitance. Compensation using 
curved transition was also investigated and this was 
compared with the results obtained for the chamfered 
bends.
Six 50 ohms lines with varying degrees of bends 
were made on polyguide substrate 1.59mm thick. Samples 
of these are shown in fig. 6.5. The VSWR of these 
networks was measured over the same frequency range 
as the right angle.
To find the percentage reduction of the shunt 
capacitance the initial values obtained for the 
right angle were modified until there was a close 
agreement between the computed and the measured 
results. The results are shown in fig. 6.6. The 
results show that a VSWR of 1.05 was obtained with 
a chamfer length of 1.414 compared to 1.10 and 1.25
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Fig.6.6c Variations of shunt capacitance ao a function 
of percentage chamfer.
obtained for the curved and right angled corners. The 
effect of changing the chamfer length is shown in 
fig. 6.6(b). Using these results, a percentage 
reduction obtained with various chamfer lenghts was 
easily obtained. This is plotted in fig. 6.6(c)
6.4 DESIGN AND RESULTS OF MEANDERLINES
6.4.1 Design penults: Using the procedures obtained in 
sections 6.2 and 6.3, fifteen meanderline circuits 
were designed with varying degrees of coupling and 
turns ratio. The computer program permits arbitrary 
choice of coupling between the turns including no
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coupling between some of the turns as in the case of 
the hybrid and stub design. Fig. 6.7 shows the 
variations of the magnitude of the transmission 
coefficient and VSWR with frequency for an 11-turns 
meanderlines centred at 4.0 GHz.
The results clearly show the periodic stop-band 
characteristics of the structure. However, the 
measured response shifted from the designed value of
4.0 GHz to 3.8 GHz. The reason for this is probably 
due to the extra line-lengths introduced by the lines 
joining the adjacent strips. In the pass-band range, 
the transmission coefficient of the response reached 
a value of |S2i| =0.90.
The effects of changing the spacing, S, and the 
electrical length, L, are shown in fig. 6.8. In the 
case of the former, decrease in the conductor spacing 
gives a lower transmission coefficient and hence 
higher attenuation in the stop band. However, the 
processing technique used here restricts the minimum 
spacing between the strips as values of S < 0.07mm 
could not be successfully procesed. This means that 
to obtain higher coupling ratio, wider conductor 
surfaces had to be used. This affects the attenuation 
characteristics in a manner shown in fig. 6.9.
The figure shows that the best stop-band attenu­
ation is obtained if the coupling ratio is limited to 
between 0.10 and 0.22. Tighter or less coupling
V5
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decreases this attenuation. The reason for this is
that the main coupling parameter from each conductor 
to its next neighbour, KM^ has the largest 
influence on the attenuation characteristics of the 
meanderline. Since the variation of this parameter 
is not linear with conductor spacing, it follows that 
the meanderline which obtains its main coupling by 
large conductor surfaces attains a lesser attenuation 
value in the stop-band.
The effect of the susceptance discontinuity on 
the meanderline response is shown in fig. 6.11. As 
expected, better transmission and reflection co­
efficient were obtained by decreasing the width of 
the connecting line, 6. The effect of increasing 
the meander-turns is shown in fig. 6.10 while fig.
6.12 shows the impedance sweep of several meanderline 
structures.
Two other forms of meanderline were designed as 
shown in fig. 6.13. The hybrid configuration of 
fig. 6.13(b) allows flexibility in the design. However 
it is only useful in phase shift applications. The 
stub design of fig. 6.13(a) greatly enhances attenu­
ation as shown by its frequency response of fig. 6.14.
6.5 DIFFERENTIAL PHASE SHIFT CHARACTERISTICS
0.5.1 Broadband matching technique: One of the most 
useful passive components of microwave integrated
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circuits is the differential phase shifter which is 
frequently used to obtain phase shifts of 45, 90 and 
180°. Such a differential phase shifter can be 
conveniently obtained by connecting a meanderline 
circuit in series with a transmission line of pre­
scribed electrical length. By comparing the insertion 
phase of the meanderline with that of the reference 
transmission line, a differential phase shift 
characteristic can be readily obtained where the 
phase difference of the two paths is the required 
phase shift.
If the electrical length of the meanderline is 
made 180 degrees at the centre frequency, the mid band 
electrical length of the reference transmission line 
will be 180 degrees plus the wanted phase shift.
Thus it is possible to realize fixed wideband phase 
shifters for frequencies up to at least 18 GHz.
However, if the differential phase shifter is 
realized using microstrip lines, the circuit will not 
be matched because of the phase-velocity differences 
between the odd and the even modes of the coupled 
meanderline region and because of the discontinuity 
reactances discussed earlier. For the ideal TEM 
meanderline which has equal phase volocities of the 
odd and even modes, i.e. 0 ■ 0 , the product
^in(e) ’ ^in(o) *s rea* an<* ind®Pendent of frequency.
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In the case of the microstrip meanderline, this product 
depends on frequency because of the difference in the 
phase velocities.
Although this difference in phase velocities is 
relatively small, it strongly deteriorates the maximum 
return loss which can be obtained with such a network. 
Hence some form of impedance matching is required at 
the input and output ports. A simple matching 
technique which allows one to obtain a return loss 
better than 30dB over a wide bandwidth is given in 
this section.
In this approach, the coupled sections of the 
meanderline is divided into two or more sections of 
equal electrical length but with different character­
istic impedance values. The aim is to reduce the 
magnitude of the reflection coefficient at the input 
and output ports while maintaining the high transmission 
coefficient required for phase shift characteristics.
The impedance levels of the various sections 
were obtained using the program of appendix D. In 
the analysis, the meanderline was regarded as cascaded 
coupled sections. The effects of dispersion were 
included in the design. The dispersive model used 
was based on that of a parallel coupled transmission 
line9. The phase shift characteristics of the multi­
sections was obtained by suitably modifying the 
expressions for the phase shift of a single section
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meanderline - appendix E.
Six circuits were built on a 0.031 in-thick 
duroid substrates using two, three and four trans­
forming sections. The ratio of the reference line 
to the main meadnerline was chosen to obtain a 
differential phase shift of 45° and 90° for the 
various sections. Table 6.1 shows the computed 
dimensions of the circuits. The configuration of 
the circuits are shown in figs. 6.15, 6.18 and 6.20.
Fig. 6.16 shows the measured return loss of a 
compensated and uncompensated phase shifters shown 
in fig. 6.15. For the uncompensated circuit, the 
maximum return loss was 23dB compared to the minimum 
value of 28dB obtained with the compensated circuit. 
The maximum insertion loss in each case was 4.1dB 
and 1.6dB respectively. The insertion phase of the 
two circuits are shown in fig. 6.17.
The results of a three and four sections are 
given in figs. 6.19 and 6.21. Though a higher (lower) 
return loss (insertion loss) was obtained with the 
thrM sections, only a maximum return loss of 16dB 
was obtained with the 4-sections. The reason for 
this is probably because as the number of the sections 
is increased, the mode impedances of some of the 
sections become too high in comparison to their 
adjacent neighbours. This effect is shown in fig. 
6.20.
3n
Table 6.1 
N = 2
' *° R X / \ Z 1 Z 11 z in Z IVz g(r) e e e e
45 1.7 0.625 1.368 1.595 - -
90 2.73 0.75 1.737 2.04 - -
N = 3
45 1.7 1.317 1.25
—
1.591
—
90 2.73 1.654 1.557 2.08 -
N = 4
180 2.62 1.59 1.679 1.409 2.08
'
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CHAPTER 7
MEANDERLINE NETWORKS INCORPORATING P.I.N. DIODES 
FOR DIGITAL MULTIPLEXING APPLICATIONS
7.1 INTRODUCTION
Recent advances in technology have resulted in 
the use of switched element filters in modern multi­
plexer design. These types of multiplexers are 
frequently used in telecommunications and electronic 
warfare applications. Their design can be 
accomplished by Integrating a semiconductor device 
into a filter network. In this chapter this 
objective was achieved by incorporating p.i.n. 
diode device in a meanderline circuit.
It was shown in chapter 5 that the p.i.n. diode 
can be used to simulate an open or short circuit 
impedance depending on the bias applied to the 
device. With the terminals of such a diode connected 
across any transmission line it is possible to pass 
virtually all the microwave energy when the diode is 
reverse biased. Hence it approximates to an open 
circuit relative to the line Impedance. On the 
other hand, if a forward bias signal is applied to 
the diode, most of the energy will be reflected hence 
approximating to a short circuit relative to the line
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impedance. This principle of using the diode to 
simulate an open or short circuit condition was 
applied here in the design of the digital multi­
plexer .
The design ur«a the filtering characteristics 
of the meanderline. In this case, the meanderlines 
were loaded with p.i.n. diode terminated stubs 
inside the meander-loops. These secondary loads 
have the effect of changing the fundamental 
characteristics of the meanderlines. Secondly, at 
the frequency of operation, the p.i.n. diode loads 
will appear both transformed and shifted from its 
physical location by the stub length.
It was proved in section 5.3 that connecting 
p.i.n. diodes at the end of shunt stubs reverses the 
characteristics presented by the biased conditions of 
the diode. This means that the short circuit con­
dition presented by the forward biased diode will be 
transformed to an open circuit condition. Similarly, 
the reverse biased characteristics are transformed 
to a short circuit condition. This character 
reversal together with the shift in the reference 
plane resulting from the stub introduces additional 
complexities in the design.
Thus the main design problems fall into four
categories:
(i) To design a meanderline circuit which will 
give a bandpass filter characteristic when 
a TTL 'O' is applied to the diode, and will 
convert to a bandstop filter characteristic 
when the bias on the diode is a TTL '1'.
(ii) To modify the transformed impedance
characteristics of the p.i.n. diode so that 
it approximates more closely to that of an 
ideal switch.
(iii) To compensate for the shift in the reference 
plane and hence reduce the mismatch and 
other measurement errors arising from it.
(iv) To cascade the filter circuits of (i) to
form a digital multiplexer whose input can 
be switched to any of its outputs.
The techniques used in solving these problems 
are detailed in the following sections.
7.2 IMPEDANCE MATCHING
7.2.1 Matching techniques: The switching performance 
of the p.i.n. diode depends inherently upon the 
impedance levels presented by the diode in its two
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switching states. These determine the transmission 
coefficients of the diode in the two states. An 
ideal transmission-reflection switch has scattering 
matrices in the "OFF" and "ON" states respectively 
of the form:-
Oo 0 1
OFF : S * ; ON : S *
0 0 ! 0
In section 5.3, a single stub terminated diode 
was found to have transmission coefficient of 
!S21 1 = 0 . 8 7  and |S21 1 * 0.21 in the forward and 
reverse biased states respectively. These values 
do not compare favourably with that of the ideal case 
given above. Hence it was decided to modify the 
characteristics of the diode so that it approximates 
more closely to the ideal switch. This was achieved 
by introducing a matching network ahead of the diode 
termination.
Existing techniques for designing a diode 
matching network deal with the cases where the 
desired reflection coefficients in the two states 
have a magnitude ratio of unity and a prescribed 
phase angle1»2. Such cases are only applicable to 
phase shifting networks. In this particular case 
the diode is serving as a reflection modulator and 
thus the aim Is to design a matching network such
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that the reflection coefficients in the two states 
should have an amplitude ratio greater than one with 
no phase shift.
Like in the case of the phase shifters, the 
design parameters used here were based on the 
expression for the transformed reflection coefficient 
appearing at the input to any network when such a 
network is terminated by the two impedance states of 
the diode. The required diode impedances were 
obtained from the results of fig. 4.14. It was 
assumed that the matching network is lossless and 
reciprocal. This assumption made it possible to 
compute the parameters of an impedance which would 
be transformed to the system characteristics 
impedance by the matching network.
The second assumption made was that the diode 
is switched from one state to another without any 
phase shift. This allowed the impedance parameters 
to be written in terms of the magnitude of the 
reflection coefficients only (appendix F). By 
choosing a suitable value for the reflection co­
efficient in the "ON" state, the matching network 
which can give the corresponding reflection co­
efficients was easily computed. The dimensions of 
this network were then found from standard trans­
mission line theory3.
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7.2.2 Design and résulta: From fig. 4.14, the measured 
reversed and forward biased impedances of the diode 
are * 1.5 + J0.5 and Z2 = 0.032 - J0.662 using 
bias signals of -30V and 50mA respectively. All the 
above values are normalised to the system character­
istic impedance. The reflection coefficient in the 
"ON" state was arbitrarily chosen as 0.05. The 
virtual impedance and the resulting reflection co­
efficient in the "OFF" state were computed as
Z = R + jXm * 77.34 + J40.21 and r2 = 0.974. The m m m 4
dimensions of the network to match this virtual 
impedance to the line characteristic impedance were 
found as Z^ * 82.61 ohms and 0^ . = 8.8m where 9 is 
the electrical length at 3.0 GHz.
To confirm the above technique, two models were 
made as shown in fig. 7.1. The diode was first 
biased by 50mA, and the reflection coefficient of 
the whole stripline circuit measured over the 
frequency range 2.0 - 4.4 GHz using the on-line 
computer corrected network analyzer. The results 
are shown in fig. 7.2. For model 1, the measured 
value was 0.98 at the centre frequency of 3.0 GHz. 
This compares favourably with the computed value of 
0.974. However this is limited to a very narrow 
bandwidth of only 13.3%. Below 2.8 GHz and above
3.2 GHz the measured value decreases sharply to below
0.79.
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M odel 1 Model 2
Fig.7»1 Impedance matching networks.
The results obtained for model 2 show a broad­
band behaviour over the entire band. The minimum 
value obtained was 0.91 at 2.8GHz. The effect of 
changing the bias on the diode is also shown on the 
same figure. With a bias signal of 15 mA, the 
maximum value of | T2| obtained was 0.75. When the 
bias current was reduced to 10 mA, the value of | r2| 
obtained was 0.4. The reason for these poor 
performances obtained with low bias currents is 
obvious as it has been proved in section 5.2 that 
the diode impedance changes appreciably if the bias 
current falls below 15 mA. As long as the bias 
current is more than 25 mA, the changes in the diode 
impedance is negligible.
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When the diode is reverse biased, the maximum 
reflection coefficient obtained with model 1 was 
0.061 at 3.0 GHz. This value was obtained over a 
wide bandwidth. It was also found that changing the 
reverse bias signal does not affect the response of 
the compensated network significantly. The measured 
value of 0.061 compares well with the chosen value 
of 0.050.
The second problem to be combated in the design 
is the shift in the reference plane introduced by the 
stubs. The method of tackling this problem was 
explored in chapter three and the results obtained 
there were used here.
7.3 SINGLE CHANNEL ”TW0-STATE" FILTERS
7.3.1 Synchronous design technique: The most essential 
step in the design of these types of filters is 
choosing the parameters of the meanderline circuit 
such that when the network converts from a bandpass 
filter to a bandstop filter, it should maintain the 
same bandwidth and band-edge characteristics. It 
was decided to start with a bandstop filter parameter 
(i.e. with the diodes reversed biased), and then to 
tailor down these parameters until they meet the 
specification required for a bandpass filter.
The diode matching network used was based on 
the approach of model 1 of fig. 7.1. A lower value
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of reflection coefficient in the reverse biased state, 
Tj = 0.15, was initially chosen. This gave a very 
wide bandwidth of 40 percent in the reverse biased 
state and only 17 percent in the forward biased state. 
The reflection coefficient and the matching network 
were then adjusted until the bandwidth in both states 
was 26.7 percent. Table 7.1 shows the computed 
coupling parameters of the filters while fig. 7.3 
shows the photographic views of the filters.
The filters were made on duroid substrate using 
two or three diodes for each circuit. The diode 
stubs were synchronously centred at 3.0 GHz. The 
response of each filter was measured over the frequency 
band 2.0 - 4.0 GHz. The results are shown in figs.
7.4 - 7.7. In fig. 7.4, the computed and measured 
response of an uncompensated filter are compared.
Here the effects of the T-junction were assumed 
negligible and no matching network was used. The 
results show that the centre frequency shifts from 
the designed value of 3.0 GHz to 2.4 GHz in the 
forward biased state and to 2.3 GHz in the reverse 
bias state. Moreover, the relative bandwidth 
increased substantially from the designed value of 
26.7% to the measured value of 41%.
The response of the matched filter of fig.
7.3(a) is shown in fig. 7.5. This shows a good 
agreement between the measured and the computed
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values. With a TTL'O' driving the diodes, the 
measured transmission coefficient at the centre 
frequency is 0.95 instead of the designed value of 
0.97. The measured badnwidth was 25% compared to 
the computed value of 26.7%. With a TTL '1' applied 
an isolation of 35dB was achieved. However, the 
centre frequency shifted to 2.8 GHz. Attempts were 
made to correct this shift in frequency by decreasing 
the coupling of the inner conductors but it was found 
that doing this also increases the centre frequency 
of the '1'-state by the same amount.
Increasing the number of diodes to three (fig. 
7.3(B)) results in greater isolation in the '1' state 
and improved transmission in the 'O' state as shown 
in fig. 7.7. However the bandwidth obtained was 
only 28%. This is not a significant improvement on 
the earlier results and another technique was explored 
as explained in the next section.
7.3.2 Stagger atub design: To increase the bandwidth in 
both states, the technique of staggering the stubs 
was used. Here the centre frequencies of the indi­
vidual stubs were made different. The new centre 
frequencies were selected such that 5° $ A8 .$ 8.5° 
where A6 is the difference in electrical length 
between any two stubs. The diode impedances for each 
of these centre frequencies were obtained from fig.
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4.14. Using these impedance values, the appropriate 
matching networks for these stubs were designed as 
shown in table 7.2. The configuration of the filter 
is shown in the attached photograph of fig. 7.8.
Fig. 7.9 shows the response of the filter. The 
maximum transmission coefficient in the 'O' state was 
|S2 1 1 = 0.94. However an intolerable 1.94dB ripple was 
obtained. In the '1' state the minimum transmission 
coefficient was |S2i| * 0.13 which corresponds to an 
isolation of 17.7dB. The measured bandwidth increased 
substantially to 38.9% compared to 25% obtained earlier.
The reason for the unacceptable ripple obtained 
in both states was due to the fact that the centre 
frequencies of the stubs could not be well aligned 
to obtain a maximally flat response. Another point 
noted from the results is that the two state filters 
cross-over at 5.1dB instead of the designed value of 
3.OdB.
y
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Table 7.1 Dimensions of filters
Diode
Ki,i+1
Spacing Meanderlines Stubs Transformer
Number inn W(rim) W(nm) 9(nm) W(nm) e(rnn)
0.125 0.4 O.S - -
2 0.16 0.2 0.6 1.8, 5.4 COOOo
0.16 0.2 0.8 1.8, 5.4 CO00o
0.125 0.4 - - -
0.125 0.40 0.8 - -
0.158 0.21 0.6 1.7, 5.4 0.8, 3.4
3 0.16 0.20 0.6 - -
0.155 0.23 - 1.8, 5.4 0.75, 3.4
0.141 0.30 0.8 - -
0.125 0.40 - 1.7, 5.4 CO00o
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Table 7.2 Dimensions of stagger stub filter
Ki,i.l Spacingmm
Meanderlines 
W (mm)
Stubs
W (m m ) e(m m )
Transformer 
W (m m ) 9 (mm)
0.125 0.40 0.8 _
0.16 0.20 0.6 1.8 4.4 0.8 3.0
0.157 0.22 0.8 1.77 5.3 0.75 2.1
0.125 0.40 - - - - -
0.158 0.21 0.7 1.82 6.4 0.8 1.1
0.132 0.38 0.8 1.8 5.5 0.76 1.9
0.16 0.20 - - - - -
0.125 0.40 - - - - -
Photographic view of ott^ffor 0tub filter
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©_ _© Computed
Forward Bias (50mA)
Computed
F r e q u e n c y  ( g  H e )
Reverse Bias (- 30 v)
Fi/%7.4 Response of uncomponaatod single - channel filtor.
155
_» Computed Computed.
Pig.7.5 Reapon3o of matched channel filter.
54
A = 8 mA  
5 a 20 m A
Fig.7.6 Variation of the magnitude of the reflection 
coefficient for varlcuo baio lovolo.
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Frequency (GH2)FL9.7-7
o— o
Frequency (GHi)Fig. 7 9
Forward Bias C50mA) 
Reverse Bias C'30v)
Fig.7.7 3 - diodes synchronous filter.
4 -Fig.7.9 diodes stagger - stub filter
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7.4 SWITCHABLE MULTIPLEXER DESIGN
7.4.1 Divlexer design: The techniques used in the last
section were applied in the diplexer design. An 
assymmetric Y-junction was used instead of a T-junction. 
It was assumed that this junction has negligible effect 
on the network response. The angle between the Y-legs 
was arbitrarily made 139°. This angle was wide enough 
to separate the adjacent resonators of the different 
channel filters such that no coupling exists between 
them. The electrical length of each leg was chosen 
to be a quarter-wavelength at the operating frequency 
of its connected filter.
Fig. 7.10 shows the photographic view of the 
diplexer. Its parameters are given in table 7.3.
These parameters were obtained using the micro-3 
program1*. Since the diplexer is a 3-ports network, 
its matrix elements were measured by reducing the 
network to a series of equivalent two-ports networks. 
This was achieved by placing matched loads at all 
other ports except the input and k-th port (i.e. 
aA ■ 0, i * k). The incident and reflected waves at 
the input and k-th port are then related as follows5:-
7.1
fs-
11 lk
lk kk
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The normalised scattering parameter ,S|k 
and S^k were then obtained using the network analyzer. 
This procedure was then carried out two times. The 
response of the diplexer is shown in fig. 7.11. With 
a TTL 'O' driving the diodes, the transmission 
coefficients measured for each filter were |S2 1 | * 0.96 
and 0.93 for channels 1 and 2 respectively. The 
maximum reflection coefficients in this state were 
|Sn| = 0.11 and 0.091 respectively. When a TTL '1' 
was applied, isolations of 25.4dB and 20.8dB were 
obtained for the two cases.
The 'O' and '1' states of the filters cross-over 
at |S21 | * 0.66 (3.6dB) for channel 1 and |S2 1 | = 0.62 
(4.1dB) for channel 2. The respective bandwidths were 
23.5% and 21.8%. The measured centre frequencies of
6.4 GHz and 8.2 were slightly outside the designed 
values of 6.0 GHz and 8.0 GHz respectively.
7.4.2 Digital triplexer deaign: In this design, the most
difficult problem encountered was the design of the 
common junction. For the triplexer to be matched, the 
input admittance at the common port must be real and 
constant all over the channels. For this case where 
the channel filters were connected directly to the 
main Junction, a singly terminated minimum-suscpetance 
network could have been appropriate6. This type of 
design can provide an input admittance with a real
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part which approximates to a constant value over the 
channel bandwidth. However the non-zero imaginary 
part had to be cancelled out using an annulling net­
work and this introduces complexities in the design.
The technique used here was to modify the 
junction dimensions such that it approximates to an 
extended junction7. Fig. 7.12 shows the configuration 
of the triplexer while table 7.4 shows the computed 
dimensions. The measurement technique used is 
identical to that used for the diplexer, but here 
the procedure was carried out three times in order 
to determine all the coefficients of the triplexer.
To determine the coupling between adjacent channels, 
the mutual coefficients of the filters were measured. 
The results are shown in figs. 7.13 - 7.15.
In the response of fig. 7.13, channel 1 and 2 
show a good cross-over of 3.27dB at the designed 
corner frequencies of 4.2 and 4.4 GHz for channel 1 
and 4.8 and 5.2 GHz for channel 2. However this is 
not the case for channel 3. Here the bandpass and 
bandstop filters do not fall within the same centre 
frequency. There is a shift in the centre frequency 
when the filter is switched to the reverse biased 
mode.
Another point noticed in fig. 7.13 is that the 
transmission coefficient of channel 2 is only 
|S2 1 I ■ 0.91 compared to |S2 1 | " 0 . 9 7  obtained for
Table 7.3 Dimensions of Diplexer
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Channel Ki,i+1
Spacing
irm
Meanderline 
W(nm)
Stubs
W(nm); e(im)
Transformer 
W(rmi); 8(rnn>
0.125 0.4 - - -
1 0.16 0.2 0.80 cc o O 00 to o
0.162 0.19 0.70 1.4s 4.0 0.6; 2.0
0.129 0.39 0.80 - -
0.129 0.39 0.81 - -
2 0.158 0.21 0.70 1.4; 4.0 0.8; 2.0
0.157 0.22 0.80 OCOrH 0.76; 2.0
0.125 0.4
”1,7.7.10 Ihotocraphlc view of diplexor

1-0 _
FpÉ^uiricy (G H?)
Chan. I CKín- 2
Fi£,7.11 Response of diploxer.
o . i— -o Forward
X — -X Reverse
l6l
Table 7.4 Dimensions of Triplexer
Channel Ki,i+1
Spacing
rrm
Meanderlines
W(nm)
Stubs
W(mn) e(mn)
Transformer 
W(nm) 0(nm)
0.125 0.4 0.8 - -
1 0.158 0.21 0.8 1.4, 4.0 0.6, 2.0
0.164 0.18 - 1.35, 4.0 0.6, 2.0
0.131 0.38 0.78 -
0.129 0.37 0.78 - -
2 0.16 0.20 0.8 1.6, 3.9 0.58, 2.02
0.162 0.19 - 1.58, 3.8 0.59, 1.9
0.129 0.39 0.77 - -
0.125 0.4 0.79 - -
3 0.162 0.19 0.81 1.2, 5.0 0.61, 3.0
0.16 0.20 - 1.22, 5.0 0.60, 3.0
0.125 0.40 0.8 - -
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the other two channels when a TTL - 'O' is driving 
the diodes. When a TTL * 1' is driving the diodes the 
worst result was obtained for channel 3. Here the 
measured transmission coefficient is [S2i| ■ 0.06 
compared to |S2 i| = 0.01 obtained for the other two 
channels. These values were obtained under matched 
conditions. Mismatching any of the ports degrades 
the circuit performance as shown in fig. 7.14. Fig. 
7.15 shows the coupling between adjacent channels.
The isolation between channels 1 and 2 was 21dB as 
compared to 10.45dB between 2 and 3.
7ig.7.12 Photographic view of digital triploxer
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Bias : 50mA 
Bias* (-30v)
Fiff.7.13 Response of 3 - channel multiplexer
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Ports 3 ft 4 matched 
Port 4 mis matched 
Both ports mismatched
la} Channel 1 (Bias =50mA)
(b) Chan, 1
Fig.7.14 Variations of the magnitude of the rofloction 
coaffioiont of tho multiplexer.
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Fig.7.15 Coupling 'Between adjacent channel a.
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CHAPTER 8 
CONCLUSIONS
A technique for realising a two-state multi­
plexer has been presented. The technique is based 
on the filtering characteristics of a meanderline 
and the switching actions of a p.i.n. diode. The 
designed two-state multiplexer makes it possible to 
combine the functions of time switching and frequency 
selection. The use of p.i.n. diodes in the design 
is one of the great advantages of this technique.
This is because the switching speed of this device 
has not yet been equalled by other semiconductor 
devices.
The design was limited to only three channels 
for two main reasons. Firstly, only six diodes were 
available for the project and a minimum of two diodes 
are required for each channel. Secondly, the Kodak 
high resolution plates and the mask-liner exposure 
unit can handle a maximum circuit dimension of 
4cm x 4cm. This limits the number of channels which 
can be realised.
The response of the multiplexers falls within 
an acceptable range. For the three channels multi­
plexer, the achieved minimum transmission coefficient
16B
in the 'O' state was |S21| = 0.91, corresponding to 
an insertion loss of 0.82dB (for channel 2). The 
maximum transmission coefficient in the '1' state 
for channel 3 of the same multiplexer was |S2x| = 0.06 
corresponding to an isolation of 24.4dB. Knowing 
that the above values are for the worst case condi­
tions, it can be concluded the response of the three 
channels multiplexer are acceptable for most 
applications.
The coupling between adjacent channels was 
greater than 20dB for both the two-channels and the 
three-channels multiplexers. The only exception 
being between channels 2 and 3 of the three channels 
multiplexer. In this particular case only an 
isolation of 10.45dB was obtained. In most of the 
channels, the two states of each filter cross-over 
at the 3-dB point. Maintaining this design criteria 
was one of tho difficulties encountered throughout 
the design.
The use of stagger stub technique to increase 
the maximum achievable bandwidth could not be well 
perfected. Though a transmission coefficient of 
|S2 1 | * 0.94 (an insertion loss of 0.54dB) was 
obtained in the 'O' state, an unacceptable ripple 
of 1.94dB was also obtained in that state. Equally 
the isolation obtained in the state was only
169
17.7dB, though it must be said that a bandwidth of 
38.9 percent was obtained compared to only 28 percent 
obtained for the case when all the stubs were centred 
at the same centre frequency.
The technique given in chapter 6 for the anlaysis 
of a meanderline circuit is as simple as it is fast. 
The close agreement between the computed and the 
measured results shows the validity of the technique. 
The filtering properties of this structure were 
explored in detail. The results obtained show that 
the structure is not an all-pass network as earlier 
works suggested1»2»3 though it should be mentioned 
that Efremov1* and Iwakura5 had recently showed these 
filtering properties using different methods.
Only little work was done on the differential 
phase shift characteristics of the meanderline but 
the matching technique presented was shown to give 
a very high return loss of 28dB. The dispersive 
model used in this design was that of a single 
coupled line. Owing to lack of time, the author 
could not conduct detailed investigation on the 
dispersive nature of the meanderline and further 
work in this area could prove fruitful.
All the discontinuities encountered in the 
project were evaluated by making input impedance 
measurements on open circuited lines containing the
17C
appropriate discontinuity. This technique is by far 
simpler than the more rigorous full-wave analysis 
adopted by most authors6. The results obtained with 
the above simple technique have been shown to be 
comparable to that obtained using known techniques. 
In the case of step-in width discontinuity, the 
values obtained for the series inductance arms are 
within 5 percent of that obtained using the 
expressions of Gupta et al7 .
In the final sum up, it can be said that the 
use of p.i.n. diodes to realise a filter which can 
be switched from a 'O' state to a '1' state and 
vice-versa has opened an avenue of expansion in the 
field of microwave switching and multiplexing 
applications. A great future lies for the ideas 
presented in this project.
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A1 - Microstrip lines: Microstrip is a transmission line which evolved 
conceptually from a parallel-wire line. The characteristic impedance 
of these lines were computed from
APPENDIX A
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Equations (3.7) through (3.8) yield data that is accurate to within 0.9
wpercent for /(B-T) > 0.35.
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T-JUNCTION COMPENSATION TECHNIQUE
APPENDIX B
^  ■ lrra 4  * îÎ /(rm-1),‘
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APPENDIX E
PHASE SHIFT OF MULTI-SECTION MEANDERLINE
k -  a, —►
f
J
Fi#.E.l J’ulti-s...-ifferontial phaae shifter
Ihe phase shift of a signal which has passed through a single section 
meanderline is given by:
where K 3 Z /Z_ and tan 0„ „ = tan 0^ tan 0 .oe oo e,o e o
Ftor two sections
E.2
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where -1i ’ h  + t“  ( Z ^  92
for three sections
p(n=3) Cos
-1 K1 - itan el(e.o))!
K1 * <*" eUe,o>>2
E.3
where 0' = 9. + tan-* (Z^ Z ) tan 0'1 1  L °°2 °°1 2
and 92 = 02 + tan
-1 (Z_ Z ) tan 9„OOg OC>2
Thus for n sections 
-1e„ = Cos n
'K1 - (tan °i(e,o))2
K1 + (tan 9i(e,o)^
E.4
9i = e1 + tan_1(a12 tan 9'
92 = 92 + tan“l(a23 tan Og
'n—1 ‘ 9n-l + tan"1(a(n-l)n 1
en " 9n
and a. j « * Z Z = Zoe^ ^(i+i) 00(i+1) °°i
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APPENDIX F
In a two-port network characterized by the voltage relations
V1 = AV2 - BI2
*1 - CV2 - DI2
the matrix of the general circuit parameters
M
B
D
F.l
has the property that if the network is considered loss-less and reciprocal, 
then M may be written as
M
a jb
.Jc d .
where a, b, c and d are real F.2
If the impedance transformer is described by a generalized ABCD matrix, 
the transformed impedance is given by
* (aZj^  + jb)/(jcZK + d); K = 1, 2 F.3
Hie reflection coefficient of any network of Impedance is given bys-
rK(ZK> (ZlTZo)/(W  F*4a
Equation F.4a is equivalent to
(Tg-DaZg + jb(rK-l) + j(rx+l)eZ0^  + (rK+l)dZ0 = 0 F.4b 
Introducing the reflection variable R, whore e is given by:-
eK - (rK-i)/(rK+l) F.5
Hence from F.4: a e ^  + jeKb + j c Z ^  + dZQ = 0 F.6
The complex form of e^ and may be written as
= ®K + JejT 
** - \  + J*K
When these forms are introduced into F.6, the real and imaginary parts 
separate and the result is:-
Reais ( e ^  - e ^ ^ a  - e^'b - + dZo * 0 F.7
Imog: + e ^ ) a  + e^b - CZ^ Rj. = 0 F.8
When F.7 and F.8 are written for cases K = 1 and 2, the result Is a set 
of four homogeneous equations in the network constants a, b, c, d.
These equations will have a unique solution only if the determinant of 
their coefficient vanishes. This determinant is
(eJRj - e'TCj) - • r -Z X, o 1 Zo
(e2R2 “ e2^2^ ~ e2* -ZoX2 Zo
(e'^Rj + epCj) el ZoRl 0
(«2^2 + e2X2^ °2 ZoR2 0
Expanding F.9 produces the result
(X, - x /  ♦ (Rt - i y 2 
R1R2
<«l' - »¿>a * < T  - o p 2
ele2

1 0 9
The allowable values of r. and r„ are restricted by a condition 
which arises fi'cm F.4b. When F.4b is written for cases K = 1, 2; the 
real and imaginary parts separate. The result is a set of four homo­
geneous equations in the unknown network parameter. The equation will 
have a solution only if the determinant of their coefficient vanishes. 
The vanishing of the determinant leads to the relation
|Gi
G1G2
¡Z! - Z2! 
R1R2
F.17
where , G2 are reflection variables defined by
Gj = d y D / d y - D i  G2 = (r2-i)/(r2+i) F.18
Substitution of F.18 into F.17 yields
lzr z2l4 ' ri~r21
( |r1|2-i)(|r2l2-i) Rih2
F.19
By choosing a suitable value of Tj, the value of r2 was found from the 
above as
|r2 | = |R ± (S+T2)*| F.20
where R = ( |r^|Cos^)/<1+P^)
S = < P2—|r j|2)/(1+P2)
p 2 ■ \  Q 2 ( i - | r 1 |2 )
Equation F.13 may be solved for '¿m by taking its cutplex conjugate and 
substituting back into itself. This leads to the solution:-
Z ■ - a ± (0+a^ m F.21
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where a (V.V* - W.W* + U-U*) 2(U + W*) F.22
r - W.U* + V*.U 
B " (V + W) F.23
Hie dimensions of the matching network are then computed using the 
ground equation
f
7
o
Z o - Rm
F.24
F.25
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and ll-tvpc waveguide circulators, the operational principle is 
dominated hv the transverse magnetic-field components.) The 
field pattern in Fig In. »Inch is inherent to a correctly adjusted 
circulator, is rotated by 90” in comparison to that o ia  conven­
tional circulator.
Possible solutions for mounting the ferrite resonator are 
shown in F'igs. l/i J. U p  to now. the single-puck structure of 
Fig. Id yielded the best results. Notice that the slots of the 
unilateral fin-lines open at the resonator surface! The inner 
circulator is matched to standard .Y-hund waveguides by ex­
ponential tapers. Optimising ihc parameters yielded a band­
width of 4 "„  The symmetrical mounting of the ferrite disc 
turned out to be very critical It must be centred with a toler­
ance of less than 01 mm. As for a conventional waveguide 
circulator, the shape of the waveguide housing laigely 
influences the performance Tuning plungers above and below 
the disc had to be properly adjusted, although one surface of 
the ferrite disc was metallised.
A vast increase in bandwidth can be achieved hv replacing 
the tapers by quarter-wave transformer sections and by opti­
mising the distance to the ferrite resonator. Fig. 2a depicts a 
bandwidth of 10",, and an insertion loss of about 0-5 dll. No 
efforts had. however, been undertaken to minimise Ihc loss. A 
triangular ferrite disc has also been tried but with a slightly 
worse performance. The bandwidth was about 9"„ (Fig Ih). 
Tuning screws had. however, to he used in addition to the 
quarter-wave transformer.
In conclusion, a successful operation of an F-typc On-line 
circulator has been demonstrated. Further investigations 
should be directed towards increasing the frequency into the
lower millimetre-wave region. The experiments have ,u-o 
shown the need for a theoretical investigation in order io 
reduce the number of parameters A first sten could be a 
computer-aided design of the matching circuits following the 
ideas developed in Reference 4.
U-kmmlcJymcnt: The authors are indebted to Ur I rtedriv..- 
of AFG-Tclefunken. Ii.ickn.mp. for supplying the ferrite mater 
ial and the Deutsche Forschungsgetnemschaft for financt.i 
support.
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PIN DIODES IN MEANDER-LINE FILTERS 
FOR MULTIPLEXING APPLICATIONS
Inde.tntt t e r m s .  Semiconductor Jemes m i d  materials. Multi­
ple smy. P IS ' illmlen
A new application of PIN diodes is described in icrms of a 
meander line swilchahle tiller, Willi the sliodcs forward- 
biased. bandpass properties result, bm under reverse bias the 
passhand Is converted m  i a stopband These fillers are in­
tended for use in multiplexing systems
even and odd mode characteristic impedance» and / 
from which the »pacing and width may be determined. The 
stub arms containing the diodes act ts impedance insert.-*- 
I 'sing the results of Makimoto and \ amashita. ’or an elec: 
cal angle of n 2. leads to the equations:
? . .
I M il)
■i l .  j
in-a
Introduction based on parallel-coupled transmission line 
theory,' the meander line is considered as a particular form of 
multiline system incorporating a series of end connections. 
Using nodal analysis, the voltage coupling ratio may he found 
for the meander line and this ratio is in turn used in calculating 
the even and odd inode characteristic impedances.1 These, 
together with a knowledge of the electrical lengths involved, 
enable the transmission coefficient to be calculated as a func­
tion of frequency. For the purpose of switching, however. I’IN  
diodes arc mounted at the ends of quarter-wavelength -tub 
arms, which arc connected to the meander loop, as illuslrnted 
in Fig. F  Design equations are then obtained by introducing 
the concept of an admlttum c Innrter ptir,inteler
Analysts The meander line ts divided into pairs of elements 
and each pair subjected lo standard procedures, y ielding the
The admittance inverter parameter J i> obtained, ii-utg the 
results of Kato et al.:4
Jo. - v- 2/1," \ Gi,(i|
/ 20,1'
J 1.1» I " »«. rV o.. O,., (4.
where /', and (J arc the relative bandwidth and conductance 
value», respectively, and i signifies a particular element ol ti e 
meander line.
I'lie above analysis does not allow for the coupling capaci­
tances of the meander sections, which can be related to the 
even and odd mode characteristic* impedances.-' leading to the 
design equations:
ami
!(l * ('" 1 / ¿ i 1
v ' 1 - II1 1 *  V0 + \ rj
In -  Ci»i,i.i’1 1 ¿ i t
v  ' i f r.»i,. 11! 1 ) '„ r
l*i
(hi
where Co is expressed in terms of Cm. mutual eapacitume 
between udjaevnt conductors and Cy. capacitance to ground, 
by
_ Ci|u»i_______
"  "  {I'd , ? Cm,.,. iMCg. , 1  i- Cm......) I’l
Dfstyn and construction: Polyguule triplait of I-*4 mm 
thickness was used as the substrat# material, (he diodes being
702 m  «•/strs/sin/sp i e r r r n c  1
M K D L  t>po D C  24ISA. Much diode package was located in a 
-lot milled into me substrate at a depth |>ermilling the connect­
ing leads to be aligned with the triplate conductors, filter 
elements were designed for a bandwidth of 2 6 3 4 till/..
In order to characterise the stub meander line accurately, it 
is necessary to compensate lor the effects of the discontinuity 
capacitance caused by the T-junction which is formed by the 
-tub and the main arms of the meander line if neglected, the 
effects of this discontinuity cause the centre frequency of 
the network to dewatt by about 5“,,.' The discontinuity capa­
citance is compensated by changing the line widths near 
the junction, as shown in fig. 3. The dimensions of the im­
pedances X| and /• are evaluated in terms of the designed 
values using the empirical expression derived by Dydylt.
/-------
[Hi//]U l
Hg. 2 C om pyn iohj T- uni timi
in centre frequency from a designed value of 3 G H z  for botii 
stales to approximately 2 4 (ill/ for the stopband and 26 G H z  
lor the passband. The measured bandwidths arc corte- 
spotidingly 41 “u and 33 compared with the designed value of 
2b 7 ,. further, the maximum transmission is only O ')2 for the 
bandpass state but reaches 0 99 in the hand-top condition.
( umiik'iifs There are several factors contributing to the 
discrepancies observed, including imperfections of connectors 
(Sealectro S M A  64} 4575), neglect of line lo-scs and the effect 
ol the meander-line bends Preliminary investigations indicate 
that these arc significantly frequency-dependent, mitred bends, 
a- used in ihe example, being superior to simple right-angled 
bend- but not so good as others having a circular curvature.
I t k n o n ic i l i im n t : This work was supported by the Nigerian 
Ministry of C ommunications.
C. N O. I'UWUACHJ Pr/i July ivm
If \ SIIUKMl K
/VgurMkW ¡'I Piljiniwrinj 
I miyrsity nj li until (
( W i n n  Cl 4 7AL. Inqlm iJ
Low thermal impedance was ensured by backing with alu­
minium plates Chip ceramic capacitors were used for tuning 
and served to provide D C  blocking also.
K-<iills : The computed response in terms of ¡i'., | for a 4- 
olcmcnt filter of the above design is shown in fig. 3. It will be 
noted that the crossover for forward and reverse bias occurs 
a lien j Sj| | * 0-707. a: the 3 dB designed corner frequencies ol 
2 d and 34 GHz.
Experimental results obtained for tin- liltcr arc shown in 
fig 4. which indicates a fair measure of overall agreement but 
with serious discrepancies in detail. Principal ol these are-mils
fig. 3 Com pulfJ response ol /¡her \luiwn in Phi. I
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ln0 sjG.Vh /As CONTACT LAYER FOR 
1-3 pm LIGHT-EMITTING DIODES
fiu/eunu ri-ma, l. ioh l, mimmi tinniti. S i 'm tim nh ilo t J ii ieri 
unii inolinoli
Measurements of the speeilic contact resistance on epitaxially 
grown layers ofp-ln, .(iu.As.P, _,asa liinclion of composi­
tion denion-lrale llic resistance niinmium of 7 - ]() "  Clem* 
for In., , ,(ia„ 4.As Growth procedures for the preparation of 
ln(>a\sl‘ Ini’ double heicrostructure LI D  wafers incorpor­
ating sueli a ternary InGaAs contact layer arc described Tim 
contacting technique allows fahncalion of high-performance 
devices »mi icproilueihly low scries resistance.
The performance of optical communication systems based on 
light-emitting diodes (I I Ds) can he greatly improved with 
devices fabricated out of In, .,(i.i,As,P| alloys lalticc- 
matelicd (t e with y/x x 2 2) lo Ini’ Data rules av high as 274 
Mbit s (T4) and repeater distances of many kilometres have 
been achieved with Lf Ds operating near I 3 pm.1 This spectral 
region corresponds to the dispersion minimum of silica-based 
fibres, and the quaternary LliDs, unlike their Gui .Al.As 
(/. » 0 X 2  pm) cotin'erparts, are power-limited in most of the 
applications at present envisaged. The high power iuunchcd 
into optical fibre required for system applications can be 
achieved by decreasing ihe size of the light-emitting area and 
increasing the drive current. This presents ever more stringent 
demands on the p-lype metallisation since the light spot is
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MEANDER-LINE FILTERS INCORPORATING P I N  DIODES
G.N.O. Ugwuagu and H.V. Shurner
INTRODUCTION
Technological advances in the utilisation of microwave frequencies 
for air surveillance, communications and other aspects of tale- 
communication have resulted in a growing interest in the development of 
rf filters which can be used in frequency discrimination and selection. 
Such filters when connected in series or parallel are often needed in 
order to split a single channel carrying many frequencies into a number 
of channels carrying narrower band of frequencies. In this paper a 
compact stripline structure which can be used for a wide band svitchable 
multiplexer is discussed. The basic element is a meander-line 
incorporating p-i*n diodes inside the meander loops. The diodes 
serve co provide either open or short circuit terminations to the 
meander 3tubs,depending on the bias applied to them. With the diodes 
forward biased, a bandpass filter results, but under reverse bias, the 
banapass is converted to bandstop, A cascade of these filters is used 
in a 3-channel frequency multiplexer.
ANALYSIS 5 DESIGN
The meander-line is analysed in terns of the coupling capacitances 
between the lines. Knowledge of the voltage coupling ratio enables the 
even and odd mode characteristic impedances and hence the dimensions 
of the lines to be determined. The lines are quarter wavelength at the 
centre frequency. For switching purposes, the pin diodes are mounted 
at the ends of Che stubs which are connected inside the me under-loops.
In an earlier design , stagger tuning techniques were employed to obtain 
maximum isolation and hence minimum impedance termination when the diodes 
are forward biased. Choice of the respective resonant frequencies to 
give the required ripple response proved a problem. Hero the p*i*n 
diodes are made to approximate more closely Co an ideal open and short 
circuit termination by transforming the reflection coefficient appearing 
at the input to the 3tub network when it is terminated by the respective 
forward and reverse bias impedance states of the diode.
Figure 1(a) shows the configuration of a single channel ¿»-element 
filter employing two diodes. Using the measured forward and reverse 
biased impedances of che diodes, Che appropriate transforming circuits 
were designed using the procedures outliuud by Atwater for the case of 
an amplitude modulator. The reflection coefficient magnitude (Pi) for 
the low-level statu of Che diode is arbitrarily assigned a value of 0.01. 
I: is assumed that an amplitude transition with no phase-shift exists 
between the reflection coefficient magnitudes in the "OFF" and "ON 
states respectively. For the example of fig. 1(a), the computed
G.N.O. Ugwuagu and H.V. Shure*r arc with the Department of Engineering, 
University of Warwick, Coventry.
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reflection coefficient magnitude in the high-level state was 0.97 giving a 
switching ratio of more than 39dS. An appropriate matching transformer to 
achieve this vqlue. was computed to have the following dimension:- 2m ■ 52.6 
3n - 8.8mm. It must be remembered that in all cases the total length of the 
stub and the transformer must be equal to *g/4.
The right angle bend at each meander junction is chamfered to car.per.sati 
for the parasitic reactances associated with that discontinuity. The effects 
of the discontinuity caused by the T-junction formed by the stuos and the na: 
arms of the meander-line were characterised using the empirical expressions 
of Carg and 3ahlJ. Polyguide triplatc of 1.59mm thickness was used as the 
substrate material. The diodes used are tfEAL type DC 2418A. Each diode 
package was located in a slot milled into the substrate to a depth permitting 
the connecting leads to be aligned with the conductors. Good heat transfer 
was ensured by the aluminium backing the substrate. Bias signal is applied tt 
the diodes via a three-section low-pass filter. Chip ceramic capacitors were 
used as DC blocks.
FESCITS
The computed response of the single-channel filter of fig.l(i) in terms 
of ¡Sox! i-3 shown dotted in fig. 1(b). It will be noted that the crossover 
for the forward and reverse bias states occurs when [jSo 11 = 0.707 i,e. at the 
3rtB designed comer frequencies of 2.6 and 3.4 Glic. Experimental result for 
this filter indicates a fair measure or the overall agreement. The measured 
bandwidths are correspondingly 41)! and 33/! compared to the designed value of 
26.73. Further the transmission is only 0.92 in the bandpass state and 0. '2 
in the band3top state as compared to the computed values of 0.97 and O.Olo 
respectively. The computed response of the 3-ehannel multiplexer is shown 
in fig.2.
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